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ABSTRACT  
   
The explicit role of soil organisms in shaping soil health, rates of pedogenesis, 
and resistance to erosion has only just recently begun to be explored in the last century. 
However, much of the research regarding soil biota and soil processes is centered on 
maintaining soil fertility (e.g., plant nutrient availability) and soil structure in mesic- and 
agro- ecosystems. Despite the empirical and theoretical strides made in soil ecology over 
the last few decades, questions regarding ecosystem function and soil processes remain, 
especially for arid areas. Arid areas have unique ecosystem biogeochemistry, 
decomposition processes, and soil microbial responses to moisture inputs that deviate 
from predictions derived using data generated in more mesic systems. For example, 
current paradigm predicts that soil microbes will respond positively to increasing 
moisture inputs in a water-limited environment, yet data collected in arid regions are not 
congruent with this hypothesis. The influence of abiotic factors on litter decomposition 
rates (e.g., photodegradation), litter quality and availability, soil moisture pulse size, and 
resulting feedbacks on detrital food web structure must be explicitly considered for 
advancing our understanding of arid land ecology. However, empirical data coupling arid 
belowground food webs and ecosystem processes are lacking. My dissertation explores 
the resource controls (soil organic matter and soil moisture) on food web network 
structure, size, and presence/absence of expected belowground trophic groups across a 
variety of sites in Arizona. 
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CHAPTER 1 
LITERATURE REVIEW AND DISSERTATION OBJECTIVES 
Dissertation Context and Objectives 
 Throughout human history, we have relied on soils for a variety of functions 
ranging from the production of food and fiber, growing feed for domesticated animals, to 
providing the materials for dwellings (Bardgett 2005; Montgomery 2007). Not 
surprisingly, there is a rich body of literature regarding soil fertility and management 
strategies across a range of different historical eras (McNeill and Winiwarter 2004). 
However, the explicit role of soil organisms in shaping soil health, rates of soil formation, 
and resistance to erosion has only just recently begun to be explored in the last century. 
Soil biota are now considered so critical to soil processes that they are included as one of 
the state factors in Jenny’s (1941) famous soil formation equation; following the earlier 
work of Dokuchaev, who provided the first intergrated approach to soil science involving 
geology, ecology, chemistry, and other related disciplines (Coleman et al. 2004). Thus, 
holistic research on soil (detrital) food webs has been limited to the late 19
th
 century 
onward (Bardgett 2005).  
 Much of the research regarding soil biota and soil processes is centered on 
maintaining soil fertility (e.g., plant nutrient availability), soil structure, and crop yields 
in agroecosystems. For example, in a farm system, agricultural practices and their effect 
on detrital food web structure and nutrient cycling have been explored in great detail 
across a variety of cropping systems and tillage types (Hendrix et al. 1986; de Ruiter et 
al. 1993; Moore 1994; Roger-Estrade 2010).  
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 Furthermore, aspects of detrital food webs in pristine mesic esosystems have also 
been investigated (O’Lear and Blair 1999).  For example, detrital food web data collected 
in Palearctic scotch pine forests have long informed the theory and practice of detrital 
food web research (Moore and de Ruiter 1991; de Ruiter and Moore 1995; Doles 2000). 
In another example, Johnson et al. (2005) show that soil fauna directly control the rates of 
soil carbon flux through fungi via grazing activities in European mesic grasslands. 
Missing Pieces of the Puzzle 
 Despite the empirical and theoretical strides made in soil ecology over the last 
few decades, many questions regarding ecosystem function and soil processes remain 
(Coleman 1985; Coleman 2008). Detrital food web descriptions and their relationship 
with energy dynamics and nutrient cycling have just recently emerged for ecosystems in 
arid areas (Olser and Sommerkorn 2007).  For example, in Western North America, 
detrital food webs have been described in the semi-arid short grass steppe (Hunt et al. 
1987) and in soil crusts (Darby et al. 2010). In the warm deserts of North America, earlier 
work has been limited to a few select soil taxa in the Chihuahuan (Santos and Whitford 
1981; Whitford 1989; Wall and Virginia 1999) and the Mojave Deserts (Franco et al. 
1979; Freckman 1986), but the full detrital food web remains to be described. The lack of 
information about arid detrital food webs and their influence on the flux of important 
ecosystem elements (C, N, P) is curious because of the intimate connection between 
desert soils, ecosystem energy and nutrient flow (Huxman et al. 2004), precipitation and 
soil water pulses (Reynolds et al. 2004; Austin et al. 2004), and the distribution of desert 
vegetation (Schlesinger et al. 1996).  
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 For example, desert plant canopies are highly discontinuous and form a patchy 
mosaic of areas enriched with resources such as litter inputs and soil moisture relative to 
depauperate bare areas characterized by high evaporation rates, little vegetation cover, 
and scant surface litter (Schlesinger et al. 1996).  As such, arid areas have a unique 
ecosystem biogeochemistry, decomposition process (Austin and Vivianco 2006; Austin et 
al. 2004; Austin and Ballare' 2010; McCalley and Sparks 2009; Austin 2011), and soil 
microbial response to moisture inputs (Reynolds et al. 2004; Austin et al. 2004) that 
deviate from predictions derived using data generated in more mesic systems (Austin 
2011).  
 For example, current paradigm predicts that soil microbes will respond positively 
to increasing moisture inputs in a water limited environment, yet data collected in arid 
regions are not congruent with this hypothesis (Austin 2011).  The influence of abiotic 
factors on litter decomposition rates (e.g., photodegradation), litter quality and 
availability, soil moisture pulse size, and resulting feedbacks on detrital food web 
structure must be explicitly considered for advancing our understanding of arid land 
ecology. However, empirical data coupling arid belowground food webs and ecosystem 
processes are lacking (Schwinning and Sala 2004).  
Dissertation Summary Statement: 
 The goal of my dissertation research is to describe arid detrital food webs 
and articulate the role of key groups that determine rates of a) nutrient cycling and 
b) energy flux in soils.  
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 My overarching question in these pursuits is: “How do water and litter 
resources determine the structure of detrital food webs in desert soils, and how does 
this structure regulate nutrient availability?", (Fig. 1). 
 This key work provides a foundation for the next decade of experimental research 
aimed at understanding how detrital food web structure regulates fluxes of materials in 
arid ecosystems. My dissertation work includes a seasonal element and a watershed level 
spatial element that provides an understanding of how detrital food web structure changes 
through both time and landscapes, across multiple trophic groups (sensu Polis et al. 
2004).  
Background 
Introduction to Detrital food webs and Theoretical Considerations 
 Detritus based trophic systems (e.g., detrital food webs) process between 80-90% 
of the net primary productivity in terrestrial ecosystems (Santos and Whitford 1981) and 
returns essential plant macronutrients, such as nitrogen (N) and phosphorus (P), to the 
soil that, in turn, support ecosystem net primary production (Chapin et al. 2002). Soil 
microbes (bacteria and fungi) are the primary decomposers of detritus and also serve as 
the base of the detrital food web.  Microbes are grazed upon by intermediate consumers 
such as protozoa, nematodes, Collembolans, and orbatid Acari. Finally, apex carnivores 
include predaceous nematodes and mites (Fig. 2). There are many trophic interactions 
among soil biota including the grazing, exploitative predation, omnivory, and direct 
consumption of soil organic matter (Coleman et al. 2004).  At each point of interaction, 
materials (energy and nutrients) are consumed, assimilated into biomass, and then 
excreted to the environment (Adl 2003).  
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 The sizes of organisms included in the detrital food web vary across several 
orders of magnitude and can be sorted into three functional roles based on body size, 
behavior, and food source (Wardle 2002).  Energy flow, decomposition, and nutrient 
cycling in these systems are mainly concentrated around microflora (bacteria and fungi) 
and microfauna (protozoa and nematodes), (Coleman 1994; Paul 2007). Larger soil 
organisms (meso- and macrofaua) have important roles as ecosystem engineers by 
contributing to soil pore formation, litter fragmentation, and soil bioturbation (Jones et al. 
1994). Together, soil flora and fauna contribute to the breakdown and turnover of detritus 
and release immobilized N and P to soil solution for plant uptake (Paul 2007).   
 The detrital food web consists of distinct assemblages of organisms originating 
from either fungal or bacterial compartments as shown in Fig. 2 (see caption for channel 
details). The localized influence of either compartment are determined by ecosystem 
properties (e.g., soil moisture, litter quality, disturbance regimes), (Moore et al. 2003; 
Bardgett 2005), (Fig. 3). In mesic systems, bacteria are the main drivers of 
decomposition and food web dynamics in soils (Hunt et al. 1987). The bacterial system is 
referred to as the “fast cycle” due to the quick decomposition of labile plant materials 
(low C:N) and high turnover of plant available nutrients. The resulting soil fertility 
induces fast growing plants to invest in creating short lived, high quality vegetative 
tissues which are easily decomposed by bacteria. Thus, the system maintains higher 
fertility over time (Bardgett 2005).  
Soil Fungi in Arid Ecosystems 
 Evidence suggests that for hot, dry regions, fungi are the main agents of C and N 
cycling in soils because moisture constraints severely limit bacteria populations (Allen 
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2007; Hall et al. 2009). Fungi can out-compete bacteria in arid regions due to their ability 
to explore and occupy more favorable soil microhabitats via hyphal network and by 
having the ability to degrade a variety of recalcitrant materials that characterize arid 
plants (Paul 2007). Collins et al. (2008) show that fungi play a critical role in the 
decomposition of soil organic matter and are critical for ecosystem level nitrogen 
transformations including mineralization (Schimel and Bennett 2004), nitrification (Hora 
and Iyengar 1960) and denitrification (Shoun et al. 1992) in arid regions.  
 Furthermore, soil fungi are the primary transporters of N and P in arid land soils 
via extension of their hyphal networks and associations with surrounding vegetation 
(Allen 2007). The fungal system is referred to as the “slow cycle” due to the slower 
decomposition of recalcitrant plant materials (high C:N) and low turnover of plant 
available nutrients. This results in reduced soil fertility and induces slow growing plants 
to allocate more photosynthate to creating defensive compounds and unpalatable, long 
lived leaves. Thus, the system maintains lower fertility over time (Bardgett 2005).  
 Detrital food webs and the life histories of the biota therein can influence 
ecosystem properties like NPP and rates of nutrient cycling. However, studies of 
terrestrial biogeochemical cycles often overlook soil biota due differences in academic 
training and research specialization (Schlesinger 1991). Furthermore, the two constituents 
of the soil microbial pool, bacteria and fungi, are often measured as an aggregate (black 
box approach) despite their influence on energy flow and nutrient turnover rates (e.g., fast 
and slow cycles). Not surprisingly, descriptions of biogeochemistry and microbial 
populations in arid riparian areas follow suit and do not include details about the detrital 
food web in their description of nutrient dynamics nor do they specify which 
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compartment they arise from (bacteria vs. fungi), (Reynolds et al. 2004), (Fig. 4). 
Information about the detrital food web is important because of the regulatory effects of 
higher trophic levels in this system may have on the key ecosystem processes in the soil 
(Schimel and Bennet 2004) as well as on plant diversity aboveground (Wardle 2002). 
Upshot: Detrital food webs are comprised of a diverse array of organisms, but 
microflora are the main taxa responsible for direct impacts on ecosystem level 
processing rates of nutrients and energy. Higher trophic levels increase nutrient 
mineralization in soils by feeding on lower trophic levels. 
Water and Arid Food Webs: A Changing Paradigm 
 A common theme in arid land research is that primary and secondary production 
is limited first by water, not energy (Noy Meir 1973 & 1974). This idea challenges the 
energy/nutrient limitation paradigms that have been used to explain food web structure in 
mesic terrestrial environments (Elton 1927; Lindeman 1942; Oksanen 1981; Vitousek 
2004) (Fig. 5). Recent research demonstrates that higher level species interactions and 
trophic structure in desert riparian food webs are driven by water resources (Sabo et al. 
2008, McCluney and Sabo 2009), providing support for Noy-Meir’s ideas.   
 Specifically, Sabo et al. (2008) demonstrated the dynamic interplay between 
water sources, predator-prey relationships, and detritus. This experiment quantified the 
flux of ground water, via cottonwood tree greenfall (freshly fallen detritus), into a three 
trophic level, detritus based food chain. In this study, field crickets consumed greenfall 
more frequently than various controls consisting of dried leaves. This preference occurred 
in distal, drier habitats from the channel and during the dry season, but not near the river 
channel or when precipitation was high. McCluney and Sabo (2009) demonstrated that 
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surface active predators, such as wolf spiders (Lycosidae), tracked the availability of 
water via selective consumption of prey items. These results indicated that predators 
consume more prey in order to meet water demands in arid ecosystems. Furthermore, 
experimental evidence demonstrated that the per capita interaction strength between 
predatory wolf spiders and their primary prey, field crickets (Gryllidae), was strongest 
when predators and prey were maintained in ambient dry conditions, but was reduced to 
near zero when free water was provided (McCluney and Sabo 2009).  
Upshot: Trophic interactions are determined by water availability in arid areas but 
little is known about how water (soil moisture) structures and drives belowground 
detrital food webs. 
Soil Moisture Gradients, Food Web Structure, and Arid Biogeochemistry 
 Based on the results above, I hypothesize that detrital food web structure and 
function is determined primarily by soil moisture availability in arid regions (sensu Fig. 
4). For example, if we consider a soil moisture gradient (very dry → saturated), food web 
metrics, such as number of trophic levels and total food web biomass, and the dominant 
energy channel (fungal vs. bacteria) should track water availability based on tolerance to 
water stress.  Specifically, bacteria dominated detrital food webs should exist in more 
mesic habitats, as shown in studies from agroecosystems and across the Eastern U.S. 
(Doles 2000).  On the other hand, in more xeric systems, the fungal energy channel 
should predominate (Hall et al. 2009).  
 At either end of the moisture spectrum, one would expect a reduced and much 
more truncated food web, although driven by two very different mechanisms. At the dry 
extreme, food web structure is reduced due to the onset of anhydrobiosis in a variety of 
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trophic levels (Santos and Whitford 1981; Whitford 1989). Anhydrobiosis occurs when 
flora and fauna become dormant due to water scarcity and remain inactive in the soil 
environment until conditions improve and they can resume function (Freckman 1986; 
Wall and Virginia 1999). This inactivity halts food web interactions and this should lead 
to a decrease in biotically influenced ecosystem processes such as nutrient cycling and 
decomposition. 
 In a fully saturated soil, food web structure should also be reduced due to the 
highly anoxic conditions associated with water logged soils (Brady and Weil 1999) and 
the prevalence of anaerobic denitrifying bacteria and fungi (Shoun et al. 1992). While 
biotic activity is not diminished, as in very dry soils, food chain length is short given that 
the majority of soil fauna are obligate aerobes (Coleman et al. 2004).  
 The number of trophic levels in the detrital food web and total detrital food web 
biomass should follow suit with this moisture gradient in arid regions (Fig. 3). Biomass 
should peak when soil moisture conditions promote the coexistence of both bacterial and 
fungal energy channels due to a wider availability of food resources for higher trophic 
levels and mineralized products resulting from the wide spectrum of organic compounds 
available for decomposition (Moore et al. 2004). Theoretically, these dual channel food 
webs should also persist longer in time due to increased stability relative to their single 
channel counterparts (Moore et al. 2004). As one moves either left or right of this apex, 
the number of trophic levels and biomass should decrease as channel constituents are 
eliminated due to unfavorable habitat (right shift: ↓ bacteria) or the presence of 
increased microflora competition (left shift: ↓ fungi). This non-linear relationship 
counters the arguments made by Oksanen (1981) that food web structure and biomass 
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should increase with production (NPP), which is strongly correlated with moisture 
availability (Chapin et al. 2002). 
 Soil mediated aspects of biogeochemical cycling and rates of nutrient cycling are 
connected to the interplay between soil moisture and detrital food web structure, as 
described above. In very dry terrestrial soil, biological influence on biogeochemical 
cycling should essentially be "arrested" due to low organismal activity and decreased 
material turnover driven by food web dynamics. At this point, abiotic drivers would 
become the main influence on nutrient cycling in the absence of biotic activity (McCalley 
and Sparks 2009; Austin 2011). As soil moisture becomes more available, properties of 
the nutrient cycle change from "slow" to "fast" as water demands are met to drive fungal 
and bacterial dominated food webs, respectively, (Moore et al. 2004) and rates of 
biogeochemical cycling should increase in tandem. Finally, nutrients reach their terminal 
species (e.g., N2) as soil become fully saturated and anaerobic conditions prevail.  
Upshot: The explicit connection between soil moisture, biogeochemical cycling, and 
detrital food web structure has yet to be made in the context in arid land ecology.  
Metrics for Describing Detrital Food Webs  
Trophic Biomasses 
 My research describes the structure of arid detrital food webs by using common 
collection methods that estimate the biomasses of different trophic levels (Table 1). Soil 
organisms are collected in the field using a soil coring device (AMS slide hammer core - 
part # 404.05) with a collection volume of 425 cm
3
 and a depth of 10 cm. All cores were 
placed in resealable plastic bags, kept cool during transport back to the lab and stored in 
cold-room at 3°C.  
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Network Structure 
 Food webs essentially depict trophic relationships within ecosystems and provide 
a qualitative summary of feeding interactions and energy flow (Lindemann 1942; Dunne 
et al. 2002).  Darwin once referred to food webs as a 'tangled bank' of interactions 
between species (Montoya et al. 2006) and perhaps was hinting at the pragmatic 
impossibility of describing every single link between species in a given ecosystem.  
 More recently, food web ecologists, working in a variety of habitats (e.g., marine, 
freshwater, and terrestrial biomes) have begun using network theory to help quantify food 
web dynamics and to lend mathematical rigor to analyses of complex community 
interactions across a variety of scales, sampling designs, and degree of trophic groups 
resolution (Dunne et al. 2002). I use common network metrics to help explain food web 
response to a wide variety of conditions found in Arizona. These metrics help distill the 
complexity of a qualitative food web diagram into a number of quantitative 
measurements including node richness and link density (Montoya et al. 2006), (Table 2) 
and (Fig. 6).  
Research Questions 
 While much is known about detrital food webs in more mesic, temperate systems 
(Hunt et al. 1987; Doles 2000; Quirk 2006), they remain poorly described in arid 
ecosystems and more generally, little is known about the link between food web structure 
and ecosystem processes in soils. In order to gain understanding of how abiotic drivers 
(flow regime, soil moisture availability, resource availability) structures arid detrital food 
webs and biogeochemistry, I ask the following research questions: 
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Question 1: How does stream flow regime structure riparian detrital food webs?  
 The availability of stream flow gradients (perennial, intermittent, and ephemeral) 
near the Huachuca Mountains in SE Arizona allows a unique opportunity to tease apart 
the relationships between flow regime and riparian detrital food webs. My research 
expands on previous work by quantifying the relative role of water as both a resource and 
an agent of disturbance on detrital food web structure.  Specifically, I use gradients in 
surface water permanence between stream segments and catchments as a water resource 
treatment and lateral gradients in hydrologic scouring as a flood-disturbance treatment.  
This approach allows me to analyze key interactions between water resource and flood 
disturbance and their effects on soil biota. 
Question 2: How does landscape resource heterogeneity structure detrital food 
webs? 
 I examine the island of fertility effect using the upland → riparian zone gradient 
(sensu Schade and Hobbie 2005), in a detrital food web context, under three common arid 
vegetation types of varying litter qualities and canopy size. This research elucidates how 
detrital food web complexity is structured by litter inputs of varying quantity and quality, 
and to examine how the island of fertility effect may change across a gradient in woody 
plant composition from river to upland desert.   
Question 3: How does floodplain microtopography structure riparian detrital food 
webs? 
 My study seeks to understand how microtopography (< 200cm changes in 
elevation) and seasonality in rainfall determine the structure of detrital food webs in 
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desert riparian soils, and how this structure dictates the location of "hot spots" required 
for the transformation, retention, and export of key nutrients likely to affect water quality. 
Question 4: How do land use decisions structure urban detrital food webs in an arid 
city?  
 I explore how nutrient cycles and detrital food webs are affected by urban 
landscape management practices. Site habitats include a gradient of anthropogenically 
influenced sites with contrasting nutrient (e.g., N & P fertilization) and water inputs to 
soil (xeriscape vs. mesiscape). The goal of this component of my research is to describe 
and quantify differences between urban and wildland detrital food webs and determine 
how subsidies of human-related resources (e.g. water, fertilizer-N, organic matter) may 
alter belowground food web structure and nutrient cycling dynamics. 
Closing Statement 
 I examine these questions in the next four chapters. This work provides federal, 
state, and tribal agencies with information on how to manage arid areas in order to 
maximize the positive effects of soil biota on water quality, erosion control, and overall 
arid ecosystem health. Furthermore, descriptions of arid food webs and experimental 
work serves as a foundation for future theoretical and modeling exercises and helps 
explain biotic influence on decomposition and nutrient cycling in dry regions with an 
approach that is currently lacking in the literature.  
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Figures and Tables  
Figure 1 – Graphical summary of dissertation research efforts. I have focused on 
characterizing how changes in water and energy availability, land use types, and 
topography control the network structure and soil network function. 
Figure 2 - Soil food web trophic groups and interactions derived from Hunt et al. (1987). 
Arrows indicate directions of energy flow. Red boxes indicate the bacteria channel; 
yellow boxes indicate the fungal channel; green boxes indicate the plant root channel; 
and black boxes indicate predators that link the previous channels.  
 
Figure 3 - Soil moisture, as determined by the climactic interplay between temperature 
and precipitation regimes, influences the dominant detrital food web channel due to 
differences in life history and water stress tolerance of the soil flora and fauna. The "fast" 
and "slow" cycling of nutrients associated with each channel initiates ecosystem level 
feedbacks with the aboveground ecosystem and biogeochemical cycles (Adapted from 
Moore et al. 2004 and Bardgett 2005).  
Figure 3 - (inset right - above) - An example of the non-linear relationship between the 
number of trophic levels and total food web biomass as driven by soil moisture 
availability. The red (bacteria channel) and yellow (fungal channel) stars indicate the 
dominance of each channel along a soil moisture gradient. The dynamics of these 
variables contrast with traditional energy based models of food web structure that are 
assumed to behave much more linearly (Oksanen 1981). The graph above is adapted from 
Bardgett (2005).   
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Figure 3 - (inset right - below) - Disseration chapters that investigate the relationship 
suggested in this figure.  
 
Figure 4 - A) Soil fungi and bacteria are often aggregated into a “black box” and treated 
as the same group despite their different abilities to degrade labile and recalcitrant 
fractions of plant litter and tolerances to water stress. Higher trophic levels are ignored all 
together using the black box approach. B) The research seeks to increase the resolution of 
understanding about arid land biogeochemical cycles and detrital food webs by 
quantifying the biomass of major trophic groups and estimating energy and nutrient flux 
through food webs in different desert habitats. Figure redrawn from Hunt et al. 1987. 
 
Figure 5 - A) Traditional relationship between trophic richness and response to increased 
energy availability (Oksanen et al. 1981).  B) Relationship between trophic richness and 
response to water availability proposed for arid systems (Noy-Meir 1973 and 1974). 
Dashed lines represent threshold values of energy and water, respectively (modified from 
Moore et al. 2003).  
 
Figure 6 - An example of how graphical depictions of a food web network can be 
distilled into a single metric. Shown here is link density (node/link2). A lower value 
indicates a smaller network (node richness) and few links between interacting species. A 
higher value indicates a larger network (node richness) and increased links between 
species (Montoya et al. 2006). 
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Table 1 – Summary and references of methods used for biomass quantification of 
various belowground trophic groups.  
Belowground Community Sampling Methods 
Group Measured Method Information Obtained 
Bacteria and Fungi (Frey et al. 
1999) Microscopic Enumeration Biomass of bacteria & fungi 
Soil Protozoa (Adl et al. 2006) Microscopic Enumeration 
Biomass of flagellates, ciliates, 
& amoeba 
Nematodes (Yeats et al. 1999) Funnel Extraction Method 
Biomass of nematodes by 
functional group (bacteriavores, 
fungivores, root feeders, 
omnivores, and predators) 
Microarthropods (Hall 1996) Funnel Extraction Method 
Biomass of microarthropods by 
functional group (fungal 
fungivores (Collembola, 
Cryptostigmata mites, 
Uropodidae mites), predatory 
mites, nematode feeding mites 
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Table 2 – Summary and references of methods used to quantify food web network 
measurements used in this dissertation.  
Network Measurements 
Metric Formula Information Obtained 
# of Nodes (Montoya et al. 
2006) =∑ (nodes) 
Number of trophic groups in a 
food web network 
Link Density (Montoya et al. 
2006) = links/nodes Network complexity 
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CHAPTER 2 
REGULATION OF DETRITAL FOOD WEB STRUCTURE BY STREAM FLOW 
REGIME IN ARID SOILS 
Abstract 
 We lack information regarding how soil organisms and hydrological processes 
interact to influence ecosystem-scale processes of energy and material flow in dry land 
regions. This study used a gradient of stream flow types (mostly perennial, intermittent, 
ephemeral), in SE AZ, to test the relative role of water as both a resource and an agent of 
disturbance on detrital (soil) food web structure.  I predicted that soil food webs respond 
to changes in flow type, seasonality of rainfall, and distance from stream channel. My 
results indicate that flow type was a strong determinant of soil food web structure and 
size. Distance from streambed and seasonal changes in rainfall were not strong predictors 
of food web metrics. Furthermore, my comparison of model weights from AIC analysis 
suggests that food web metrics are best explained by a combination of soil organic matter 
(SOM) and soil moisture (SM), (trophic richness, total biomass, bacteria biomass, fungi 
biomass) or SOM alone (link density). I found a negative relationship between fungi and 
bacteria biomass channel ratios and soil moisture, indicating a role for water in 
structuring arid riparian soil communities.  
Introduction 
Background and Project Rationale 
 The habitat boundaries between terrestrial and aquatic ecosystems (e.g., riparian 
zones) represent a dynamic interface for material fluxes of water, solutes, sediments, and 
gases (Bardgett et al. 2001). These boundaries often support flora and fauna that are 
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dissimilar from the upland habitats surrounding them (Stromberg et al. 1996; Ettema et 
al. 1999; Ettema et al. 2000; Sabo et al. 2005; Soykan and Sabo 2009; Soykan et al. 
2012). High species richness and high rates of compositional turnover result from habitat 
diversity (Patten 1998) which is, in turn, a product of lateral gradients in resource 
availability (i.e., water; (Naiman and Decamps 1997), primary production (Williams et al. 
2006) and disturbance frequency and intensity (e.g., floods; Naimman et al. 1993)). 
These studies are relevant to soil fauna in that they suggest a spatial and temporal habitat 
mosaic unique to the riparian system (Ettema et al. 2000); however, there are few studies 
of the implications of this mosaic for soil food webs.   
 The roles of riparian soil flora and fauna at this interface are not well understood 
despite their influence in the transfer of ecologically important materials between aquatic 
and terrestrial habitats. For example, soil-dwelling animals can influence the hydrologic 
pathways of infiltration and runoff, via burrowing and bioturbation activity (Badorreck et 
al. 2012). Furthermore, soil microflora, such as fungi, can influence erosion rates of 
shoreline soils by promoting formation of aggregates between soil particles and hyphal 
exudates (Wall et al. 2001).  Finally, riparian soils facilitate groundwater–surface water 
exchanges and serve to maintain water quality by filtering pollutants (e.g., excess 
nitrates) imported from upland areas (Lance 1972).  
 Furthermore, the interaction between soil organisms and hydrological processes 
may influence key ecosystem processes in dry land regions like energy and material flow 
(Bardgett et al. 2001). This interaction may be more pronounced in semi-arid and arid 
catchments where rivers do not flow for most of the year and are often spatially 
intermittent even during periods of sustained surface flow. In these ephemeral and 
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intermittent settings, material flow may be suspended until hydrologic connectivity is 
reestablished between dry periods (Harms and Grimm 2008). 
  The need for studies of soil food webs at the interface of ephemeral and 
intermittent rivers is critical because of the predominance of these kinds of rivers across 
arid lands, which make up > 1/3 of the land area on Earth (Sarfiel et al. 2005).  Estimates 
of river flow classification in Arizona report that 94% of the streams are waterless at their 
headwaters for much of the year (Levick et al. 2008). At a larger scale, 81% of streams 
across the arid west (Utah, New Mexico, Arizona, Nevada, Colorado, and California) are 
considered ephemeral or intermittent at their headwaters. However, in arid regions, many 
studies of soil and biogeochemical processes are often done along more mesic, perennial 
reaches (Fisher et al. 2004; Harms and Grimm 2008) and ephemeral channels are 
ignored, despite their functional similarity (e.g., materials transport, water storage, energy 
dissipation) to perennial streams (Levick et al. 2008).  
 I used stream flow gradients (perennial, intermittent, and ephemeral) within 
watersheds draining the Huachuca Mountains in SE Arizona as a natural experiment that 
allowed me to measure the effects of flow permanence and lateral and seasonal gradients 
in two key belowground resources - soil moisture (SM) and soil organic matter (SOM) - 
on food web structure of soils in riparian ecosystems. I was particularly interested in 
quantifying the relative importance of water, as both a resource and an agent of 
disturbance, on soil food web structure.   
 Specifically, I used gradients in surface water flow and permanence as a water 
resource treatment and lateral gradients in potential hydrologic scouring as a flood-
disturbance treatment. This is based on the expectation that perennial rivers have more 
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constant water resources than intermittent and ephemeral streams and near-river soils 
should experience more frequent and higher magnitude disturbance events from floods 
than soils further from the river’s edge.  Lateral attenuation of flood effects may differ 
across watersheds with drainage area and hence floods that scour further into lateral 
riparian areas.   Thus, this approach allows us to analyze key interactions between water 
resource and flood disturbance and their effects on soil biota. I generated the following 
set of hypotheses and predictions: 
 H1 - Flow Permanence Hypothesis - Riparian soil food web size, structure, and 
network properties are affected by flow regime because of variation in stream flows, 
proximity to ground water, and resulting stream bank soil moisture.  
 P1.1 - Riparian soil food webs along ephemeral reaches should have lower food 
web metrics (e.g., lower tropic richness, biomass, and link density) due to extreme water 
limitation in the channel. More perennial reaches should show the opposite (e.g., higher 
complexity with higher percentage of stream flow).  
 H2 - Seasonal Change Hypothesis - Riparian soil food web size, structure, and 
network properties are affected by seasonal increases in rainfall (dry season → monsoon) 
because monsoon rainfall alleviates water stress for soil flora and fauna throughout the 
watershed.  
 P2.1: Ephemeral sites will have the largest increase in magnitude, by season, 
across all food web parameters due to alleviation of extreme soil moisture limitation, 
relative to more permanent flow types.  
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 H3 - Flood Disturbance Hypothesis - Riparian food webs in close proximity to 
the channel, are impaired by monsoon season flooding despite the localized increase in 
soil moisture. 
 P3.1 - Soil food webs metrics taken 5 m from the channel during the monsoon 
season should be the highest, at each flow type, due to the tradeoffs between flood 
disturbance and soil moisture availability. 
 H4 - Resource Influence Hypothesis - Soil food web metrics are affected soil 
resources (SOM and SM) but these differ in overall influence, as measured by AIC, 
because of seasonal variation in water availability 
 P4.1:  SM will best fit food web metrics during the dry season because of 
widespread water limitation. SOM will best fit the data during the monsoon season due to 
the alleviation of water stress during the monsoon season. 
 H5: Biomass Channel Hypothesis: The relative importance of fungal and 
bacterial "channels" (sensu Moore et al. 2003) of the food web are affected by spatial and 
temporal distributions of SM and SOM. 
 P5: The fungal channel biomass:bacteria channel biomass ratio will decrease as 
soil moisture increases because fungi tend to be less water-limited than bacteria.   
Methods 
Site Description 
Field plots were established along a system of three semi-arid canyons, Garden 
(GC), Huachuca (HC), and Ramsey (RC), near the Huachuca Mountains in SE AZ during 
the spring of 2010 (Fig. 1; Table 1). The canyons are associated with streams of varying 
flow regime due to landscape position, catchment size, and depth to bedrock (Fig. 2; 
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Tables 1 - 3 - Appendix). Three reach types were designated based on percent 
permanent surface flow: 1) Upper Canyon (UC - less intermittent flow), 2) Lower 
Canyon (LC - more intermittent flow), and 3) Ephemeral (Ephem.). 
Soils were collected using a soil coring device with a volume of 425 cm
3 
and 
depth of 10 cm. Cores were placed in resealable plastic bags and kept cool during 
transport back to the lab. Upon arrival, we hand-sieved all samples for biotic extractions 
and characterization of physical variables. I sampled twice per year (June and September) 
during 2010 and 2011 in order to capture seasonal dynamics of flow regime and food 
web activity (dry → monsoon). For each canyon reach type, 4 soil cores were taken near 
the stream bank and 4 cores were taken roughly 5 meters lateral to the bank of the stream, 
about 1 meter apart (Fig. 3). This procedure was repeated for the two other canyons in the 
study, resulting in 72 samples total for September 2010, June 2011, and September 2011 
dates. I took three cores per sample area in June 1010, resulting in 54 samples total.  
Soil Flora and Fauna Enumeration   
 Nematodes were extracted using the Baermann funnel water technique (Hall 
1996; Yeats 1999). 20 g samples were extracted over a 72-hour period with de-
chlorinated water. Nematodes were classified into five functional groups (bacteriovores, 
fungivores, predators, omnivores, and plant feeders), following feeding preference (sensu 
Pavao-Zuckerman and Coleman 2008), and are expressed as biomass (g C m
-2
), following 
Quirk_(2006). 
 Ciliates, flagellates and amoeba abundances were quantified using serial dilutions 
of soil samples and then applying the most probable number method. Total ciliate, 
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flagellate, and amoebae total estimates were then converted to biomass values and are 
reported here (Quirk 2006). 
 I measured microarthropod biomass using the Tullgren funnel technique (Hall 
1996). Soil samples (200 g) were set on top of wire mesh inside a funnel, surrounded by 
foil, and placed under a heat source. Samples were extracted over 5 days into vials of 
70% alcohol. Microarthropods are identified to functional group (mite predators, 
nematode predators, fungal feeding Cryptostigmata, fungal feeding Uropodids, 
Collembola) and are expressed as biomass (g C m
-2
), following Quirk (2006). 
 Fungi and bacteria biomasses were measured following Frey et al. (1999). 5 g of 
soil were added to 45 ml of de-ionized water for a 10:1 dilution, in a sterilized Waring 
blender. The 5 g soil samples were then blended for one minute. A 1 ml aliquot was 
extracted from the blender and added to 9 ml of sterile de-ionized water in a test-tube 
mixed. Using a pipette, five 10ml samples were transferred to 10-well (6mm) microscope 
slides and fluorescent stains were added (DTAF - bacteria and Calcoflour - fungi). For 
each soil sample, two separate slides were prepared for fungi and bacteria.  
 Hyphal lengths and bacteria were counted using a Letiz Laborlux S mercury bulb 
compound microscope at 400-1000x total magnification with filters adjusted for UV 
illumination. Equations for estimating total lengths of hyphae were adapted from Bloem 
et al. (1995). Bacteria and fungi are expressed as biomass (g C m
-2
), following Quirk 
(2006). 
Abiotic Variables 
 Soil moisture was measured following Quirk (2006) for each extracted soil core. 
A 5 g sample was weighed and placed into a 55ºC drying oven for 5 days. Water content 
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was calculated as the mass loss between the initial weight and the dry weight (ASTM 
2000). 
 I estimated soil organic matter content for each core using the loss-on-ignition 
method (ASTM 2000). I placed a dry 10 g portion of each soil core in a 500ºC muffle 
furnace for 2 hours and reweighed the sample. Organic matter in the soil sample was 
calculated as the difference between the initial 10 g and the final weight after ignition.  
 Soil pH was quantified, for each flow and distance type (n=12 cores per type), 
using the soil slurry method (Brady and Weil 1997) in June 2013 and September 2013. I 
placed a Milwaukee MW101 PH Meter in a 2:1 ratio of deionized water and soil, to 
improve fluidity.  
 I determined soil bulk density for each habitat type in the summer of 2010 using 
method described in Brady and Weil (1997). Soil cores were collected from each habitat 
(n=3 for each habitat type) of a known volume, weighed, and allowed to air dry at 40°C 
in a green house for one week. Soil samples were then reweighed and expressed as dry 
weight (g)/m
3
.  
Food Web Metrics 
 Food web biomasses were estimated by calculating the average biomass of 15 
trophic groups in each soil core and taking the mean at each site and each season (Tables 
4 - 7 - Appendix). Fungal channel and bacterial channel biomasses were quantified using 
the method of Quirk (2006). These channels include the resource base (bacteria or fungi) 
and all biomasses of the organisms that feed on the base. Average functional group 
richness (S) was determined by counting the presence/absence of 15 trophic groups in 
each soil core and taking the mean at each site and season. Food web depictions were 
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constructed from the maximum number of functional groups found at each landscape 
type during the dry and monsoon seasons in 2010 and 2011 (Fig. 1 - Fig. 6 - Appendix). 
 I used link density (Z = links/nodes) as a measure of food web network 
complexity (sensu Montoya et al. 2006). Specifically, I used the Foodweb R Package 
(Perdomo et al. 2012) to generate link density means, on a core by core basis, for each 
habitat type, using presence/absence data of extracted trophic groups (see above) and 
generating a network map based on feeding interactions in Hunt et al. (1987). 
Stream Flow Patterns  
 Median stream discharge (cubic feet per second - cfs) was quantified using the 
United States Geological Survey (USGS) gauge installed in each canyon: Garden Canyon 
Gauge - #09470800; Huachuca Canyon Gauge - #09471310; Ramsey Canyon Gauge - 
#09470750 in 2010 and 2011. Stream flow permanence was estimated using buried 
resistance sensors (sensu Jaeger and Olden 2012) in 2011 (Table 2). 
Statistical Analysis of Abiotic Variables and Food Web Metrics 
 I analyzed my data according to the following sequence. First, I used a non-linear 
model to understand how spatial, temporal, and flow class variables explained variance in 
drivers (SM and SOM), as well as food web response variables (Hypotheses 1-3).  
Second, I translated these variables into effect sizes (Hedge's g- Hypotheses 1-3 or 
partial η2 - Hypothesis 3) to assess the magnitude of influence.   I then carried out a 
multiple regression and compared candidate models using AIC (SAS 2007) to estimate 
the importance of putative resources (SM and SOM) on food web properties (Hypothesis 
4). Last, I used linear regression (Microsoft Excel 2007) techniques to explore how soil 
resources influence soil food web channels (Hypothesis 5).     
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 The data were analyzed using the NLME package in R software with a mixed 
model with flow type (Upper Canyon, Lower Canyon, Ephemeral), and distance from 
steam (R vs. FT) nested within a repeating plot statement, by season (dry and monsoon), 
with canyon (Garden Canyon, Huachuca Canyon, and Ramsey Canyon) serving as the 
random variable. Analyses were performed separately in 2010 and 2011, due extraneous 
nesting variables on functional group richness, total food web biomass, link density, and 
nematode biomass. Analyses presented here include an overall comparison of year, 
season, canyon, flow type, and distance and interactions between main categories.  
 Partial η2 was used to estimate the effect of the flow x distance interactions, for 
each canyon, as a response to median discharge SOM, SM, trophic richness, total 
biomass, and link density. Nematode biomass was excluded for brevity. I used the 
information from the flow x distance interaction because of the confoundedness of flow 
type and flooding potential alone.  I calculated partial η2 using the following:  
        
   
        
                
 
 where SSeffect = the sums of squares for the flow x distance effect and SSerror = the 
sums of squares for the error term.  
 Hedge's g was used to estimate the magnitude of difference for sample distances 
(R vs. FT) and season (dry vs. monsoon) by either year or flow type (Hedge 1981). Effect 
size was calculated using the following:   
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 where 1 refers to the mean of the R or Dry measurement and 2 refers to the 
mean of the FT or monsoon measurement.  Pooled standard deviation (s*) was calculated 
using the following: 
      
         
          
  
       
 
 Hedge's g can be used to measure effect size when comparing means of two 
groups (i.e., for treatments like distance or season that have only two levels).  This 
approach is akin to a Student's t-test and conveniently carries a sign that indicates 
direction of effect.  Partial 
2  is a better effect size estimate for treatments with more 
than two levels embedded within complex linear models.  The calculation is much like 
that of a correlation coefficient (R); and since t-statistics can be transformed to 
correlation coefficients (Rosenberg et al. 2000), Hedge's g and 
2 have quantitative 
similarities.  I chose to use two different effect size measures and not to convert my 
Hedge's g estimates to R (and 
2 ) in order to preserve the sign carried with Hedge's g 
estimates.  
 Model selection was performed using PROC REG (SAS Institute) and Akaike’s 
Information Criterion (AIC) to help determine how soil resources (SOM and SM) 
influence food web properties. Model and variable weights were calculated following 
Burnham and Anderson (2002).  All data were transformed, when required, to 1n(x+1) to 
fulfill normality assumptions. Statistical significance is indicated when (p < 0.05). 
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Results 
 Hydrology: Flow Permanence and Flooding 
 Median discharge (cfs) differed between years and by canyon (Table 2; Fig. 2). 
For example, 2009 (GC = 0.07 cfs; HC = 0.4 cfs; RC = 0.08 cfs) and 2011 (GC = 0.3 cfs; 
HC = 0.12 cfs; RC = 0.07 cfs) were marked by lower median discharge, relative to a 
much wetter 2010 (GC = 1.4 cfs; HC = 0.25 cfs; RC = 0.67 cfs).  Flow permanence 
(Table 2), in 2011 only, generally decreased with elevation. HC-LC and RC - Ephem. 
sites deviated from this pattern.  
   Flow Effect 
Soil Resources - Soil organic matter (SOM) was significantly different, across flow 
types, in 2010 (main effect: F = 73.08; df = 66; p <0.0001) and 2011 (main effect: F = 
52.15; df = 66; p <0.0001). Generally, there was a decrease in SOM from UC sites to the 
Ephemeral sites (2010 - UC: 9.81 ± 0.689 %; LC: 7.68 ± 0.479 %; Ephem.: 2.94 ± 0.246 
% and 2011 - UC: 7.12 ± 0.529 %; LC: 6.89 ± 0.420 %; Ephem.: 2.66 ± 0.101 %).   Soil 
moisture (SM) was also significantly different, across flow types, in 2010 (main effect: F 
= 113.54; df = 66; p <0.0001) and 2011 (main effect: F = 95.94; df = 66; p <0.0001). 
There was a decrease in SM from UC sites to the Ephemeral sites (2010 - UC: 14.19  ± 
1.273 %; LC: 10.83 ± 0.990 %; Ephem.: 2.98 ± 0.296 % and 2011 - UC : 9.52 ± 0.762 %; 
LC: 6.97 ± 0.669 %; Ephem.: 3.27 ± 0.386 %).    
Organismal Response - Trophic richness (S) was significantly different, across flow 
types, in 2010 (main effect: F = 10.73; df = 66; p=0.001) and 2011 (main effect: F = 8.97; 
df = 66; p=0.003). Generally, there was a decrease in trophic richness from UC sites to 
the Ephemeral sites (2010: UC: 9.24 ± 0.319 S; LC: 8.98 ± 0.327 S; Ephem.: 7.83 ± 0.280 
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S and 2011- UC: 9.63 ± 0.173 S;  LC: 9.85 ± 0.190 S; Ephem.:  8.87 ± 0.225 S). Total 
biomass was also significantly different, across flow types, in 2010 (main effect: F = 
33.19; df = 66; p <0.0001) and 2011 (main effect: F = 14.88; df = 66; p = 0.0003).  
Biomass was highest in UC sites and lowest Ephemeral sites (2010 - UC: 113.04  ± 
10.761 g C m
-2
; LC: 86.70 ± 10.546 g C m
-2
; Ephem.: 42.96 ± 4.869 g C m
-2
 and 2011 - 
UC: 112.97 ± 9.993 g C m
-2
; LC: 103.30 ± 11.004 g C m
-2
; Ephem.: 59.47 ± 5.396 g C m
-
2
). Link density (Z) was significantly different, across flow types, only in 2011 (main 
effect: F = 4.46; df = 66; p = 0.038). There was a decrease in link density from UC sites 
to the Ephemeral sites (2010 - UC: 1.01 ± 0.066 Z; LC: 0.91 ± 0.055 Z; Ephem.: 0.88 ± 
0.051 Z and 2011 - UC: 1.06 ± 0.038 Z; LC: 1.11 ± 0.038 Z; Ephem.: 0.93 ± 0.034 Z). 
Nematode biomass was not significantly different across flow types for either 2010 or 
2010. Nematode biomass was equal across all flow types in 2010 (0.01 g C m
-2
) but 
differed in 2011 (UC: 0.02 ± 0.003 g C m
-2
; LC: 0.04 ± 0.007 g C m
-2
; Ephem.: 0.01 ± 
0.001 g C m
-2
).  
Flow x Distance Interaction and Partial η2 Effect Size 
Soil Resources - A significant flow x distance interaction was not detected for SOM, in 
either 2010 or 2011 (Table 3), although wetter sites generally had higher SOM values 
(Table 8 - Appendix). The flow x distance interaction was statistically significant for SM 
but only in 2010 (F = 8.13; df = 66; p = 0.005) and was higher at upper canyon sites 
(Table 8 - Appendix). Plots of partial η2 effect sizes in 2010 showed that both SOM and 
SM had a convex relationship with median flow (Fig. 4), indicating that resources are 
reorganized and optimized at intermediate flows. On the other hand, in 2011, SOM is 
maximized at higher levels of median discharge and SM declines.    
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Organismal Response - The flow x distance interaction was not significant for trophic 
richness, although trophic richness was lowest in ephemeral sites (Table 8 - Appendix). 
The flow x distance interaction was significant for total biomass, but only in 2010 (F = 
4.06; df = 66; p = 0.047) and was higher at upper canyon sites (Table 8 - Appendix). The 
flow x distance interaction was not significant for link density and generally decreased 
with lower soil moisture states (Table 8 - Appendix). Finally, flow x distance was not 
significantly different for nematode biomass for either year and generally decreased into 
drier sites (Table 8 - Appendix).  
 Plots of partial η2 effect sizes in 2010 indicated that total biomass tracked 
resource distributions as they varied with median discharge (across basins)—resources 
and biomass were highest at intermediate median discharge.  This pattern was again 
evident in 2011, although somewhat muted. Effect sizes were low for trophic richness 
(TR) and link density (LD) and they did not appear to change across the observed 
gradient in median discharge in 2010 (Fig. 4 - right).  
Distance Effect and Hedge's g Effect Size  
Soil Resources - The distance effect was not significantly different for SOM in either 
2010 or 2011 and no apparent distance pattern was detected (Fig. 5A), (Table 3).  SM 
was higher near the riparian zone, albeit only statistically significant in 2010 (main effect: 
F = 6.62; df = 66; = 0.012), (Fig. 5A).  
Organismal Response - Distance was statistically significant for total biomass and 
nematode biomass (main effect: F = 8.70; df = 66; p = 0.004) and main effect: (F = 4.26; 
df = 66; p = 0.042), respectively, but only in 2010. Distance was not significantly for 
trophic richness and link density for either year. Trophic richness, link density, and 
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nematode biomass was higher away from the channel (FT) with the exception of total 
biomass (Fig. 5A).  
Season Effect and Hedge's g Effect Size  
Soil Resources - Season was not significant for SOM for either year although it was 
slightly higher during the monsoon season (Table 3), (Fig. 5B).  We found that season 
was statistically significant for SM in 2010 (main effect: F = 113.54; df = 50; p <0.0001) 
and 2011 (main effect: F = 61.77; df = 50; p <0.0001) and was always highest during the 
monsoon season (Fig. 5B).  
Organismal Response - Season was not statistically significant for trophic richness 
although it was slightly higher during the dry season (Fig. 5B). The season effect was 
statistically significant for total biomass, but only in the year 2010 (main effect: F = 4.66; 
df = 50; p = 0.035). A consistent seasonal trend was not detected for total biomass (Fig 
5B). Finally, season was not significant for either link density or nematode biomass for 
either year and both generally decreased in dry season (Table 3), (Fig. 5B). 
Season x Distance Interaction and Hedge's g Effect Size  
Soil Resources - The season x distance interaction was not significant for SOM in either 
2010 or 2011, although it was higher in FT zone in either season (Table 3), (Fig. 5C). 
The interaction was significantly different for SM but only in 2010 (F = 5.04; df = 50; p = 
0.029). Soil moisture was highest, in both seasons, in the R zone (Fig. 5C).  
Organismal Response - The season x distance interaction was not significant for trophic 
richness for either year and TR was highest in the FT zone in either season (Fig. 5C).  A 
statistically significant interaction was not found for total biomass but it was highest in 
the R zone, in either season (Table 3), (Fig. 5C).  The interaction was not statistically 
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significant for link density and a consistent distance pattern was not detected (Fig. 5C).  
A significant season x distance interaction was not found for nematode biomass but it 
was highest in the R zone, in either season (Fig. 5C).   
Season x Flow Interaction and Hedge's g Effect Size  
Soil Resources - The season x flow interaction was not significant for SOM although it 
was highest, at all flow types, during the monsoon season (Table 3), (Fig. 5D). In 
contrast, the season x flow interaction was statistically significant for SM, but only in 
2010 (F = 8.13; df = 50; p = 0.005) and was highest, at all flow types, during the 
monsoon season (Fig. 5D). 
Organismal Response - A significant season x flow interaction was not found for 
trophic richness but it was highest in during the dry season, with the exception of the LC 
flow type (Table 3), (Fig. 5D).  The interaction was significant for total biomass only in 
2010 (F = 4.06; df = 50; p = 0.047), although a season effect at all flow types was almost 
neutral (Fig. 5D).  A statistically significant season x flow interaction was not detected 
for link density however, it was higher during the dry season at the UC and Ephem. flow 
types. (Fig. 5D).  Finally, the interaction was not significant for nematode biomass but it 
was highest in the monsoon season, for all flow types (Fig. 5D).   
Season x Flow x Distance Interaction 
Soil Resources - A significant three-way interaction for season, flow, and distance was 
not found for SOM and SM (Table 9 - Appendix). 
Organismal Response - A significant three-way interaction was not detected for trophic 
richness, total biomass, and nematode biomass (Table 9 - Appendix). However, the 
  40 
interaction was significant for link density in 2010 (F = 4.70; df = 66; p = 0.034), (Table 
9 - Appendix).  
Model selection to compare importance of SM and SOM 
 AIC weights suggest that the linear model with the best support in explaining soil 
food web metrics, including soil microbial biomass response, was one with both SOM 
and SM, with the exception of trophic richness and link density during the dry season 
(Table 4). Regression of SOM and SM suggests there is some degree of covariation 
between SM and SOM; this potential collinearity was lower during the dry season (Fig. 
6). AIC model variable weights varied, between seasons, for all measured responses, 
although SOM tended to have the highest values, relative to SM (Table 4). 
Microbial Biomass Change 
 I observed a negative relationship between fungal:bacterial channel biomass ratios 
and soil moisture (y = -0.142x+1.074; df = 1; F = 1.258; R
2
 - 0.118), (Fig. 7). 
Furthermore, SOM had no relationship with biomass ratios (data not shown - y = 
0.007x+0.944; df = 1; F = 0.0014; R
2
 - 0.0001)). 
Discussion  
 I was interested in quantifying the relative importance of water, as both a resource 
and an agent of disturbance, on soil food web resource base and network size and 
structure. My study is the first to investigate hydrological controls on semi-arid riparian 
soil food web size and network topology. Flow reach types (perennial (UC), intermittent 
(LC), and ephemeral) are strong determinants of the distribution of resource bases (SOM 
and SM) and the resulting soil food web response.  Seasonal change (dry vs. monsoon) 
and floodplain position (near stream - R vs. 5 m away - FT) are not strong determinants 
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of food web response. Furthermore, riparian soil food webs are influenced by median 
discharge in semi-arid canyons and that soil resources are redistributed across the 
floodplain when annual conditions allow for higher flows.  Inspection of AIC variable 
weights in my model shows that SOM has a large influence on food web metrics, 
regardless of seasonal moisture availability.   
 Reach types (UC, LC, and Ephem.) are a strong determinant of soil food web 
structure, size, and complexity and I therefore, found strong support for Hypothesis 1. 
Flow type was statistically significant in my mixed model across all variables reported 
here, with the exception of nematode biomass, indicating the degree of influence that this 
environmental parameter has on soil food web structure. I conclude that flow type 
indirectly influences soil moisture levels and food web metrics in riparian soils, via a 
combination of lateral seepage and the hydrogeomorphic (e.g., depth to bedrock) setting 
of the study reach.   
 Channel flow regime influences semi-arid riparian flora and fauna. For example, 
Stromberg et al. (1996) report that herbaceous plant species richness (per m
2
) increased 
with stream flow permanence and wetter soils. Furthermore, woody plant species 
richness and diversity also increased with flow permanence (Lite et al. 2005).  Riparian 
invertebrates are also sensitive to changes in stream permanence. For example, Wood et 
al. (2005) showed that, at a regional scale, stream macroinvertebrates were significantly 
different between groundwater-fed perennial and intermittent springs. Furthermore, the 
length of time between dates with connected water flow (e.g., water in stream between 
two points) produced different patterns of invertebrate community composition (e.g. 
richness and abundance), (Clarke et al. 2010). 
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 In another example, McCluney and Sabo (2012) showed that, for desert arthropod 
assemblages, decreases in percent flow permanence lead to decreases in diversity and 
abundance of most terrestrial taxa. They concluded that expected increases in river drying 
(decreases in flow permanence) may serve to permanently lower the diversity and 
abundance across a variety of invertebrate taxa and that this may lead to decreased 
ecosystem functions and services (McCluney and Sabo 2012).  
 Seasonal change (dry vs. monsoon) in precipitation and flow status did not 
significantly impact soil food web structure and size at all positions and we therefore 
cannot support Hypothesis 2. Despite an increase in soil resources, particularly SM, 
between the dry and monsoon seasons across all flow types in my study; trophic richness, 
total biomass, link density, and total nematode biomass did not significantly respond as I 
predicted (e.g., positive increase). The absence of a significant seasonal response in the 
belowground food web is surprising given the well substantiated positive effect of soil 
wetting and the response by soil nutrients and respiration (Fierer and Schimel 2003; 
Heffernan and Sponseller 2004), microbes (Gestel et al. 1993; Schimel et al. 1999; Fierer 
et al. 2002), and higher trophic levels (Mackay et al. 1986).  Many studies have shown 
that a rewetting of dry soils can result in large pulses of both mineralized C and N. 
Furthermore, these pulses can alter the microbial community by favoring those species 
tolerant of the initial osmotic shock caused by rewetting (Fierer et al. 2002). Higher 
trophic levels, such as predatory mites and fungi feeding Collembola, are also responsive 
to increased soil moisture but only when water availability is accompanied by cooler 
ambient temperatures (Mackay et al. 1986). My data suggests that seasonal increases in 
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soil moisture availability may not have the same degree of influence on soil food webs 
taken from drier regions that characterize the Desert Southwest (Mackay et al. 1986).  
 I found that soil food web structure, size, and complexity did not vary 
significantly with stream distance (near stream - R vs. 5 m away - FT), in both years and I 
therefore cannot support Hypothesis 3. My mixed model analysis revealed that distance 
from stream does not have a consistent influence on my food metrics. Measurements of 
network structure (total richness and link density) did not significantly change by stream 
distance. Total biomass and total nematode biomass were the only metrics to have a 
significant distance effect, but only for the year 2010. Nematode biomass has been shown 
to be sensitive to distance from the stream channel (Briar et al. 2012). In this study, total 
nematode biomass was roughly 25% lower away from stream channel due to drier soil 
conditions although the authors did not mention the possible cause of the soil moisture 
gradient (flooding or lateral seepage). Furthermore, distance also influenced the guild 
composition of the belowground nematode community. For example, bacteria-feeding 
nematodes were most abundant nearer to the stream than in the drier upslope area, which 
was characterized by the fungal-feeding guild (Briar et al. 2012).  
 I speculate that the variation in stream distance, as a significant main effect in my 
model, is due to annual variation in discharge events. Floods and high flow variation vary 
with catchment area (Sabo et al. 2010); and hence variation in soil resources and food 
web properties may have been driven more by interbasin differences in high flows rather 
than spatial effects of these flows within basins.  Unfortunately, I did not have adequate 
gauging records to assess differences across my basins in high flow variation 
quantitatively.  Instead, I used median discharge over the period of record (Table 2) as an 
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index of high flow variation.  I then used this index to quantify variation in effect sizes of 
the distance x flow interaction in my linear models (Table 3).  
 I conclude that annual patterns in rainfall might have a stronger influence on soil 
food web communities, rather than acute seasonal changes in precipitation. Partial η2 
values suggest that soil resources and total biomass peak at intermediate median 
discharge values during high flow years (2010). Metrics of food web structure (trophic 
richness and link density) did not follow the same pattern; instead, they increase at higher 
median flow values (2010). Furthermore, flood disturbance may only be of influence at 
lower median flow values (< 0.2 cfs), during low flow years (2011).  Interestingly, in 
2011, both TR and LD have higher relative effect sizes and saturating (TR) and 
increasing (LD) relationships with median discharge, which suggests potentially lagged 
effects of 2010 flows, tracking of redistributed SOM in 2011, or some combination of 
these effects. The patchy distribution of resources, particularly SOM, has been shown to 
fuel 'hot spots' of soil microbial activity in desert riparian soils (Harms and Grimm 2008) 
and the areas of concentrated SOM may influence higher trophic levels as well. 
 My comparison of model weights from AIC analysis suggest that food web 
metrics are best explained by a combination of SOM and SM (trophic richness, total 
biomass, bacteria biomass, fungi biomass) or SOM alone (link density), (Table 4). 
Inspection of variable weights in my model shows that SOM has a large influence on 
food web metrics, regardless of seasonal moisture availability.  Moreover, I did not see a 
clear seasonal shift from SM, during the dry season, to SOM during the monsoon season, 
as I predicted. I therefore cannot support Hypothesis 4. This indicates that, in semi-arid 
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canyons, water availability might be subordinate to energy availability in structuring soil 
communities (Elton 1927; Noy Meir 1973 and Noy Mier 1974; Oksanen et al. 1981). 
 Finally, I found a negative relationship between channel biomass ratios and soil 
moisture (Fig. 5) which supports Hypothesis 5. I conclude that flow type can influence 
the composition of the belowground community. The fungal channel biomass:bacteria 
biomass channel (sensu Moore et al. 2004) is negatively related to soil moisture, 
indicating an increase in bacteria at more permanent flow types (Fig. 6).  
Summary  
 This study highlights the emerging recognition that hydrology exerts strong 
controls on detrital food web structure in riparian soils. In my study, flow regime is 
paramount relative to seasonal (dry and monsoon) or distance from stream. This pattern 
finds support in the literature (Stromberg et al. 1996; Lite et al. 2005; Wood et al. 2005; 
Clarke et al. 2010; McCluney and Sabo 2012) but my study is a first to include semi-arid 
food webs. Intermittency diminishes the resource base (SOM and SM) and alters food 
web structure in many significant ways, including a reduction of both total food web size 
(total biomass) and network topology (trophic richness and link density). This suggests 
that riparian soil food webs may be degraded if canyon streams become more intermittent 
and ephemeral following future climate predictions of a hotter, drier U.S. Southwest 
(IPCC 2007). Reduced food web size and structure may impair the ecosystem functions 
and services of the riparian soil food web (e.g., decomposition and nutrient cycling). 
Finally, my work suggests that, in spite of water limitation, near-river soil food webs are 
most often limited by energy; and spatial and temporal variation in SOM drive the 
relative biomass in fungal and bacterial channels of the soil food web.    
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 My study could be improved upon by considering mycorrhizal relationships 
between roots and fungi due to their potential to redistribute resources throughout the soil 
profile and observed tolerance to desiccation (Collins et al. 2008).  Real time flood 
detection at 5m distance and estimates of discharge would be improved if instrumented 
gauges were available in each canyon and flow type.  
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Figures and Tables  
Figure 1 - Location of study site within the state of Arizona (left) and locations of the 
three study canyons in the Huachuaca Mountains (right) near Sierra Vista, AZ. Dots 
represent approximate locations of ephemeral streams used in this study. Image credit to 
Google Maps and all map data ©2012 Google, Sanborn. 
Figure 2 - Discharge (cfs) for all canyons in 2010 (blue) and 2011 (red). Label dates are 
approximate.  
 
Figure 3 - A depiction of the study design used in this study, for all canyons and season. 
Note that only three cores were used per flow and distance type in June 2010.  I increased 
to four cores in September 2010 and this was again used in 2011. Black circles indicate 
soil core samples and are roughly 1 m apart. The black 'X' indicates that the same stream 
channel does not connect the ephemeral sites as it does the UC and LC sites. 
Figure  4 - Partial η2 effect size values for soil resources (left column) and food web 
metrics (right column) in 2010 (top) and 2011 (bottom).  
 
Figure 5- Effect sizes (g), by different factor combinations, for the following variables: 
SOM = soil organic matter; SM = soil moisture; TR = trophic richness; TB = total 
biomass; LD = link density; and NB = nematode biomass. Directional arrows refer to the 
direction of the effect for either distance (R = 0m from stream; FT = 5m away from 
stream) or season (D = dry season; M = monsoon season).  
Figure 6 - Seasonal relationship between SOM and SM. Please note that axis values are 
in the log scale. 
Figure 7 - Regression of soil moisture (SM) against the channel biomass ratios as 
averaged at all combinations of flow, distance, and canyon.  
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Figure 6. 
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Figure 7. 
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Table 1 - Soil Types included in this study. Information derived from USDA Web Soil 
Survey (Soil Survey Staff  2013). Canyon Abbreviations refer to the following: Garden 
(GC), Huachuca (HC), and Ramsey (RC). Flow abbreviations refer to the following: 1) 
Upper Canyon (UC), 2) Lower Canyon (LC), and 3) Ephemeral (Ephem.).  
 
Site  Soil Type 
GC-UC  Gardencan-Langue Complex/ Haplustoll-Fluvaquent, thermic 
GC-LC  Gardencan-Langue Complex 
GC-Ephem.  Terrarosa 
HC-UC  Haplustoll-Fluvaquent, thermic/Budlamp- Woodcutter complex 
HC-LC  Haplustoll-Fluvaquent, thermic/ Budlamp- Woodcutter complex 
HC-Ephem.  Gardencan-Langue Complex 
RC-UC  Rocky outcrop-Lithic Haplustolls association/Bakerville-Gaddes association 
RC-LC  Torrifluvents and haplustolls 
RC-Ephem.  White House gravelly loam 
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Table 2 - Steam flow properties for each canyon and flow type. Percent annual stream flow 
and water presence estimates are for 2011 only. Discharge information is derived from 
USGS gauges for October 1, 2007 through October 1, 2011 from one gauge station per 
canyon.  
Site 
Mean 
elevation 
(m) 
Drainage 
area 
(km
2
) 
Stream 
channel 
density 
(km/km
2
) 
Percent 
Annual 
stream 
flow 
Percent 
Annual 
water 
presence 
 
 
 
Mean 
Discharge 
(cfs) 
 
 
 
Median 
Discharge 
(cfs) 
 
 
 
Maximum 
Discharge 
(cfs) 
GC-UC 1587 23.09 1.43 49.13 49.83  
1.65 ± 
0.012 
 
0.481 
 
139.00 
GC-LC 1542 29.50 1.46 25.34 24.51 
GC-E 1502 0.48 2.54 2.01 6.03 
HC-UC 1655 15.22 2.16 14.74 13.26  
0.32 ± 
0.003 
 
0.11 
 
91.00 
HC-LC 1596 17.06 2.35 32.43 32.9 
HC-E 1458 1.27 4.02 2.02 3.77 
RC-UC 1600 9.81 1.13 79.00 78.95  
0.611 ± 
0.003 
 
0.22 
 
37.00 
RC-LC 1580 13.21 1.63 3.23 15.18 
RC-E 1537 0.28 4.89 1.26 22.94 
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Table 3 - Results from NLME in R.  Bolded p-values indicate a statistically significant difference. 
Variable  2010 2011 Variable  2010 2011 
 
 
 
 
Soil 
Organic 
Matter 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
 
 
 
 
Total 
Biomass 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
Season 3.46 0.068 2.53 0.115 Season 4.66 0.035 1.32 0.253 
Flow 73.08 <0.0001 52.15 <0.0001 Flow 33.19 <0.0001 14.88 0.0003 
Distance 0.011 0.917 2.39 0.126 Distance 8.70 0.004 0.14 0.706 
Season x Flow 2.78 0.101 4.21 0.044 Season x Flow 5.50 0.022 2.44 0.122 
Season x Distance 0.005 0.942 1.17 0.281 Season x Distance 0.17 0.675 1.32 0.254 
Flow x Distance 0.090 0.764 0.92 0.341 Flow x Distance 4.06 0.047 0.03 0.847 
Plots x Canyon 0.221 0.640 0.14 0.699 Plots x Canyon 0.002 0.958 1.73 0.192 
Season x Flow x 
Distance 
0.176 0.676 2.89 0.093 Season x Flow x Distance 0.152 0.697 0.83 0.363 
 
 
 
 
 
Soil 
Moisture 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
 
 
 
 
 
Link 
Density 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
Season 111.73 <0.0001 61.77 <0.0001 Season 0.31 0.575 1.57 0.214 
Flow 113.54 <0.0001 85.94 <0.0001 Flow 2.80 0.098 4.46 0.038 
Distance 6.62 0.012 0.06 0.799 Distance 0.20 0.653 0.77 0.383 
Season x Flow 18.96 0.0001 34.64 <0.0001 Season x Flow 0.001 0.971 1.24 0.268 
Season x Distance 5.04 0.029 0.42 0.518 Season x Distance 0.91 0.344 2.54 0.115 
Flow x Distance 8.13 0.005 1.39 0.242 Flow x Distance 0.63 0.428 1.68 0.198 
Plots x Canyon 1.61 0.209 16.29  0.00001 Plots x Canyon 0.0001 0.992 0.57 0.451 
Season x Flow x 
Distance 
1.23 0.275 0.00 0.996 Season x Flow x Distance 4.70 0.034 1.46 0.230 
 
 
 
 
Trophic 
Richness 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
 
 
 
 
Total 
Nematode 
Biomass 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
Season 0.428 0.515 1.66 0.201 Season 0.154 0.696 2.11 0.150 
Flow 10.73 0.001 8.97 0.003 Flow 1.41 0.238 0.65 0.422 
Distance 2.37 0.128 0.52 0.472 Distance 4.26 0.042 2.63 0.109 
Season x Flow 0.06 0.798 2.77 0.101 Season x Flow 0.14 0.706 0.01 0.908 
Season x Distance 0.61 0.436 1.33 0.251 Season x Distance 0.54 0.463 0.22 0.636 
Flow x Distance 0.52 0.473 0.29 0.587 Flow x Distance 1.72 0.194 0.80 0.373 
Plots x Canyon 2.51 0.117 2.75 0.102 Plots x Canyon 3.77 0.056 4.22 0.043 
Season x Flow x 
Distance 
1.64 0.205 0.44 0.507 Season x Flow x Distance 0.26 0.611 0.01 0.907 
5
7
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Table 4 - AIC modeling results showing the best fitting model of each relationship 
tested and model/variable weights for SOM and SM for two seasons (dry and 
monsoon). Abbreviations are for the following: SOM = soil organic matter 
percentage; SM = soil moisture percentage; TR = trophic richness; TB = total 
biomass; LD = link density; BAC = bacteria biomass; FUN = fungi biomass.  
   
  Model Weights Variable Weights 
Grouping N Model 
Tested 
Top 
Model 
Adj. R-
Squared 
y = 
SOM 
SM 
y = 
SOM 
y = SM SOM SM 
Overall 270  
 
TR = 
SOM 
SM 
TR = SOM 0.741 0.371 0.629 0.00002 1.000 0.371 
Dry 126 TR = SOM 
SM 
0.794 0.633 0.160 0.207 0.793 0.840 
monsoon 144 TR = SOM 
SM 
0.739 0.404 0.594 0.002 0.985 0.406 
Overall 270  
 
TB = 
SOM 
SM 
TB = SOM 
SM 
0.648 0.640 0.359 0.0006 0.999 0.641 
Dry 126 TB = SOM 
SM 
0.748 0.997 0.0007 0.002 0.998 0.999 
monsoon 144 TB = 
SOM SM 
0.634 0.382 0.137 0.481 0.519 0.863 
Overall 270  
 
LD = 
SOM 
SM 
LD = 
SOM 
0.661 0.257 0.508 0.235 0.765 0.492 
Dry 126 LD = 
SOM SM 
0.709 0.00005 0.999 0.00013 0.999 0.009 
monsoon 144 LD = 
SOM SM 
0.658 0.218 0.511 0.271 0.729 0.489 
Overall 270  
 
BAC = 
SOM 
SM 
BAC = 
SOM SM 
0.698 0.923 0.002 0.074 0.926 0.998 
Dry 126 BAC = 
SOM SM 
0.736 0.881 0.119 0.00002 1.000 0.881 
monsoon 144 BAC = 
SOM SM 
0.708 0.999 0.00002 0.00002 1.000 1.000 
Overall 270  
FUN = 
SOM 
SM 
FUN = 
SOM SM 
0.643 0.617 0.382 0.0006 0.999 0.618 
Dry 126 FUN = 
SOM SM 
0.745 0.999 0.00011 0.00002 1.000 0.999 
monsoon 144 FUN = 
SOM SM 
0.627 0.802 0.026 0.172 0.828 0.974 
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CHAPTER 3 
ARID LANDSCAPE GRADIENTS IN RESOURCE AVAILABILITY AND SOIL 
FOOD WEB STRUCTURE  
Abstract 
 Dry land regions are characterized by vegetated "islands" exhibiting a strong 
spatial correlation between soil resources, such as soil organic matter (SOM), and plant 
vegetation. This pattern is called the Island of Fertility effect (IOF). Vegetated islands 
have been shown to support increased belowground microbial biomass, soil nutrients, 
organic matter, and soil moisture (SM), relative to bare patches nearby. However, higher 
trophic levels in the soil food web have been relatively ignored, especially across habitat 
gradients in arid regions. In this study, I tested the strength of the IOF effect across both 
space (habitat gradient) and time (seasonal change) for belowground trophic richness, 
total biomass, secondary biomass, total trophic position, and link density near the San 
Pedro River in SE Arizona. Using Mixed Model analysis, my results suggest that the 
strength of the IOF effect varies across space and time and tends to be strongest in drier 
soils and during the dry season, for all response variables. AIC analysis suggests that a 
linear model, including both SOM and SM, is best for explaining soil food web response, 
which suggests a possible resource colimitation. However, variable weight analysis 
suggests that SM increased in influence during the monsoon season, across all response 
variables, relative to SOM. The seasonal increase of SM may mitigate the pattern of IOF 
for SOM on soil food web size and network structure.  
Introduction 
 In arid and semi-arid ecosystems, the spatial distribution of soil nutrients and 
plant derived organic matter are tightly correlated with the distribution of vegetation 
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(Schlesinger et al. 1996). Canopies of plants rarely overlap, giving rise to a mosaic of 
bare intercanopy space and resource rich, vegetated "islands" under plant canopies 
(McAullife 1988; Belnap et al. 2005). Island sites are generally characterized by higher 
soil nitrogen and phosphorus content, soil organic matter, soil moisture, and microbial 
biomass when compared to bare sites in close proximity (Schade and Hobbie 2005; 
Butterfield and Briggs 2009).  
The spatial pattern of canopy enrichment is well substantiated across arid regions 
and is known as island of fertility effect (IOF), (Schlesinger et al. 1996).  Increases in soil 
fertility under plant canopies are derived from higher litter and nutrient inputs and the 
capture of water and windborne debris by aboveground plant structures (De Soyza 1997; 
Van der Putten 1997; Belnap et al. 2005). Vegetated microsites also receive shading from 
branches and leaves, ameliorating temperature extremes (Schade and Hobbie 2005). 
These factors lead to sustained elevated soil microbial populations in vegetated sites and 
thus, an increase in microbe-driven processing of detritus that release nutrients into the 
surrounding soil matrix (Schade and Hobbie 2005). Thus, the formation of “islands of 
fertility” arise from the cyclic relationship between plant production and soil microbial 
activity (Schlesinger et al. 1996; Bardgett 2005).  
 Recent research suggests that soil water availability, over a landscape scale, may 
also play a role in determining the magnitude of the island of fertility effect. Schade and 
Hobbie (2005) show that the IOF effect under mesquite trees in SE Arizona becomes less 
influential moving from the dry uplands into the riparian corridor.  They conclude that 
the observed diminished IOF effect is best explained by increasing soil moisture and 
overlapping plant canopy diameter. 
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 Schaeffer et al. (2004) suggests that plant identity has a major influence on the 
belowground response to islands of fertility. Microbial communities will not respond to 
increased soil moisture under canopies unless labile carbon sources are also available to 
fuel metabolic activities and nutrient turnover (Schaeffer et al. 2004; Austin 2011). Thus, 
the degree of the biotic response to changes in soil moisture availability are highly 
dependent upon the concentration and quality of litterfall that characterize various arid 
vegetation.  
 For example, creosote (Larrea tridentata) is characterized by low rates of 
litterfall, low quality litter (high C:N), and a hydrophobic, recalcitrant leaf cuticle (Bryant 
et al. 1991). In contrast, Velvet Mesquite (Prosopis veluntina), produces an annual crop 
of higher quality (lower C:N) leaf litter, relative to creosote. Finally, Fremont 
Cottonwood (Populus fremontii) stands have large, overlapping canopies in the riparian 
zone and, as such, may have a lower prevalence of the bare area/canopy mosaic that 
characterize arid uplands (Austin 2011).  
 In this study, I examine the island of fertility effect using an upland → riparian 
zone gradient (sensu Schade and Hobbie 2005), in a detrital food web context, under 
three common types of vegetation with different morphology and canopy size. I report 
how soil food web size and network topology are influenced by soil resources and then 
examine how the magnitude of the IOF effect changes both spatially (across habitats) and 
temporally (across dry and monsoon seasons).  
 Given the potential for leaf litter quality, tree physiognomy, and soil moisture to 
vary along the upland-riparian gradient, I made the following set of four hypotheses and 
associated predictions:  
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  First, soil food webs under plant canopies will have different food web size and 
structure because of the strong spatial correlation of vegetated patches and soil nutrients, 
relative to bare areas (plant interspaces). I call this the Island of Fertility Hypothesis 
(H1). Here I predicted that canopy soils have increased belowground resources, soil food 
web biomass, and network structure, relative to soils taken from bare areas.  
 Second, maximal increased differences between canopy and intercanopy spaces 
occur in drier habitats (further from the river), as measured by soil moisture, because 
vegetation there is characterized by small plant canopy diameter, wide inter-plant 
spacing, and little canopy overlap. I call this the Spatial Hypothesis (H2).  Here I 
predicted that desert scrub sites will have the strongest island of fertility effect due to 
plant morphology and widespread water limitation. Riparian forest soils will have the 
weakest island of fertility effect due to large canopies, groundwater in close proximity, 
and elevated soil moisture.  
 Third, seasonal increases in rainfall (dry season → monsoon) promotes 
belowground population growth because of favorable reproductive conditions and 
reduced anhydrobiotic states (sensu Freckman 1986) in measured trophic groups. I call 
this the Seasonal Hypothesis (H3).  Here I predicted that desert scrub sites will have the 
largest increase in magnitude, by season, across all food web parameters in canopy and 
bare soils, due to alleviation of extreme soil moisture limitation, relative to mesquite 
bosque and riparian forest. Furthermore, the riparian zone (canopy and bare soils) will 
have minimal change in biomass and network complexity, between seasons, due to 
sustained (higher) soil moisture levels, relative to desert scrub and mesquite bosque. 
 Fourth, soil resources (SOM and SM) will differ in their overall influence, as 
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measured by AIC, on soil food web metrics because of seasonal variation in water 
availability. I call this the Resource Influence Hypothesis (H4). I predicted that SM will 
best fit food web metrics during the dry season because of widespread water limitation.  
SOM will best fit the data during the monsoon season due to the alleviation of water 
stress during the monsoon season.  
Methods 
Site Description and Core Sampling Methods 
 I established field plots at Gray Hawk Nature Center in SE AZ, near Sierra Vista, 
Cochise County (31°36'19.23" N, 110°09'26.44" W) during the summer of 2010. My 
field plots include three distinct habitats: riparian floodplain, mesquite bosque, and desert 
scrub near the San Pedro River (Sabo et al. 2008; McCluney and Sabo 2009). I sampled 
plots under six, similarly sized dominant woody plants in each habitat (desert scrub: 
creosote Larrea tridentata, mesquite bosque: velvet mesquite Prosopis veluntina, and 
riparian floodplain: Fremont Cottonwood Populus fremontii). Soils types and physical 
variables are described in the Table 1. 
Soils were collected using a soil coring device with a volume of 425 cm
3 
and 
depth of 10 cm. Cores were placed in resealable plastic bags and kept cool during 
transport back to the lab. Upon arrival, I hand sieved all samples for biotic extractions 
and characterization of physical variables. I took 2 soil cores on the east side, close to the 
trunk and 2 cores in nearby bare areas on the north side of each (Fig. 1).  This was 
repeated for five other plants in each field plot, resulting in 24 samples per habitat type, 
or 72 samples total per sampling date. Sample dates include September 2010, June 2011, 
and September 2011.  
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Soil Flora and Fauna Enumeration   
 Nematodes were extracted using the Baermann funnel water technique (Hall 
1996; Yeats 1999). 20 g samples were extracted over a 72-hour period with de-
chlorinated water. Nematodes were classified into five functional groups (bacteriovores, 
fungivores, predators, omnivores, and plant feeders), following feeding preference (sensu 
Pavao-Zuckerman and Coleman 2008), and are expressed as biomass (g C m
-2
), following 
Quirk_(2006). 
 Ciliates, flagellates and amoeba abundances were quantified using serial dilutions 
of soil samples and then applying the most probable number method. Total ciliate, 
flagellate, and amoebae total estimates were then converted to biomass values and are 
reported here (Quirk 2006). 
 I measured microarthropod biomass using the Tullgren funnel technique (Hall 
1996). Soil samples (200 g) were set on top of wire mesh inside a funnel, surrounded by 
foil, and placed under a heat source. Samples were extracted over 5 days into vials of 
70% alcohol. Microarthropods are identified to functional group (mite predators, 
nematode predators, fungal feeding Cryptostigmata, fungal feeding Uropodids, 
Collembola) and are expressed as biomass (g C m
-2
), following Quirk (2006). 
 Fungi and bacteria biomasses were measured following Frey et al. (1999). 5 g of 
soil were added to 45 ml of de-ionized water for a 10:1 dilution, in a sterilized Waring 
blender. The 5 g soil samples were then blended for one minute. A 1 ml aliquot was 
extracted from the blender and added to 9 ml of sterile de-ionized water in a test-tube 
mixed. Using a pipette, five 10ml samples were transferred to 10-well (6mm) microscope 
slides and fluorescent stains were added (DTAF - bacteria and Calcoflour - fungi). For 
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each soil sample, two separate slides were prepared for fungi and bacteria.  
 Hyphal lengths and bacteria were counted using a Letiz Laborlux S mercury bulb 
compound microscope at 400-1000x total magnification with filters adjusted for UV 
illumination. Equations for estimating total lengths of hyphae were adapted from Bloem 
et al. (1995). Bacteria and fungi are expressed as biomass (g C m
-2
), following Quirk 
(2006). 
Abiotic Variables 
 I estimated percent soil moisture for each soil core. A 5 g sample was weighed 
and placed into a 55ºC drying oven for 5 days. Water content was calculated as the mass 
loss between the initial weight and the dry weight (ASTM 2000). 
 I quantified soil organic matter content for each core using the loss-on-ignition 
method (ASTM 2000). I placed a dry 10 g portion of each soil core in a 500ºC muffle 
furnace for 2 hours and reweighed the sample. Organic matter in the soil sample was 
calculated as the difference between the initial 10 g and the final weight after ignition.  
 Soil pH was assessed, for each habitat (n=12 cores per habitat), using the 
water/soil slurry method (Brady and Weil 1997) in June 2013 and September 2013 for all 
sites. We placed a Milwaukee MW101 PH Meter in a 2:1 ratio of deionized water and 
soil, to improve fluidity.  
 I estimated soil bulk density for each habitat type in the summer of 2010 using 
method described in Brady and Weil (1997). Soil cores were collected from each habitat 
(n=3 for each habitat type) of a known volume, weighed, and allowed to air dry at 40°C 
in a green house for one week. Soil were then reweighed and expressed as dry weight 
(g)/m
3
.  
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Plant Nutrient Availability  
 I used anion and cation nutrient probes (Western Ag Innovations, Saskatoon, SK, 
Canada; http://www.westernag.ca/innovations/technology/basics; verified 11 Feb 2013) 
to measure plant available nutrients, utilizing the same research design described above, 
over the course of one year (Drohan et al. 2005).  Sampling intervals include the 
following: Session 1: October 15, 2010 - Jan 15, 2011; Session II: Jan 15, 2010 - April 
15, 2011; Session III: April 15 - July 15; Session IV: July 15 - October 15 (Fig. 1 - 
Appendix). Probes were buried in 3 month intervals, cleaned and washed using 
deionized water, and sent to Western Ag Innovations for analysis.  
Food Web Metrics 
 Food web biomasses (g C m
-2
) were determined by calculating average biomass 
of 15 trophic groups (sensu Quirk 2006) in each soil core and taking the mean at each site 
and each season (Table 1-6 - Appendix). Total secondary biomass (g C m
-2
) was 
calculated by adding all biomasses together except for fungi and bacteria. Average 
trophic group richness (S) was determined by counting the presence/absence of 15 trophic 
groups in each soil core and taking the mean at each site and season. Food web depictions 
were constructed from the maximum number of functional groups found at each 
landscape type during the dry and monsoon seasons in 2010 and 2011 (Figs. 2-7 - 
Appendix).  I used link density (Z = links/node) as a measure of food web network 
complexity (sensu Montoya et al. 2006). Specifically, I used the Foodweb R Package 
(Perdomo 2012) to generate link density and trophic position means, on a core-by-core 
basis, for each habitat type, using presence/absence data of extracted trophic groups and 
generating a network map based on feeding interactions presented in Hunt et al. (1987).  
  67 
Statistical Analysis and AIC Modeling 
 The data were analyzed using the NLME Package in R Software with a mixed 
effects repeated measures model designed to account for the main effects as the 
canopy/intercanopy spaces (position) and landscape type (habitat), and the interaction 
between these two, with all three nested within plot, repeated in time, during the dry and 
monsoon parts of the year (season).  This model was used to analyze differences in soil 
resources, trophic group richness, total food web biomass, link density, secondary 
biomass, total trophic position, and total nematode biomass.  AIC model selections tests 
were performed using PROC REG (SAS Institute) to help determine how soil resources 
(SOM and SM) influence food web properties. Model and variable weights were 
calculated following Burnham and Anderson (2002). Data were transformed when 
required to 1n(x+1) to fulfill normality assumptions for all metrics. Statistical 
significance is indicated when (p < 0.05), (Table 7 - Appendix).   
Effect size g 
 Hedge's effect size (g) was used, in addition to a mixed model analysis, in order to 
quantify the magnitude of the difference between the canopy and bare (intercanopy) 
spaces, in each habitat, and over each season, which is not measured by a mixed model. 
Effect size was calculated using the following (Hedge 1981):   
   
  
 
   
 
  
 
 where 1 refers to the mean of the canopy measurement and 2 refers to the 
mean of the intercanopy measurement.  Pooled standard deviation was calculated using 
the following: 
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Results  
Canopy vs. Bare (Test of IOF- Hypothesis 1) 
Soil Resources 
 Soil organic matter and soil moisture were higher under canopy sites (SOM: 4.35 
± 0.241 %; SM: 5.78 ± 0.444 %), relative to bare sites (SOM: 3.24 ± 0.126 %; SM: 4.98 
± 0.363 %), although SOM had the only significant difference (main effect: F = 8.24, df 
= 67; p = 0.005) between the two positions. 
Organismal response 
 Trophic richness, total biomass, link density, secondary biomass, and trophic 
position were higher under canopy sites (TR: 9.32 ± 0.149 S; TB: 65.22 ± 4.74 g C m
-2
; 
LD: 1.00 ± 0.028 Z; SB: 0.77 ± 0.609 g C m
-2
; TP: 7.47 ± 0.742 W), relative to bare sites 
(TR: 8.20 ± 0.178; TB: 62.57 ± 5.37 g C m
-2
; LD:  0.79 ± 0.025; SB: 0.39 ± 0.291 g C m
-
2
;TP: 6.77 ± 0..899 W) and this was statistically significant for trophic richness (main 
effect: F = 27.95; df = 67; p <0.0001), total biomass (main effect: F = 5.72; df = 67; p = 
0.019), link density (main effect: F = 32.86; df = 67; p <0.0001), secondary biomass 
(main effect: F = 67.12; df = 67; p <0.0001), and trophic position (main effect: F = 45.74; 
df = 67; p <0.0001). Nematode biomass was not significantly different for the position 
effect (Canopy:  0.04 ± 0.025 g C m
-2
; Intercanopy: 0.04 ± 0.008 g C m
-2
). 
 
 
 
  69 
Spatial Change (Test of Spatial Hypothesis - Hypothesis 2) 
Soil Resource Base 
 Habitat - Soil organic matter was highest in the mesquite habitat (4.89 ± 0.351 
%), followed by desert scrub (3.49 ± 0.154 %) and riparian forest (3.00 ±. 0.119 %), but 
SOM was not significantly different among habitats, (main effect; F = 1.90; df = 67; p = 
0.172). Soil moisture was highest in the riparian forest (7.47 ± 0.639 %) relative to 
mesquite bosque (4.80 ± 0.405 %) and desert scrub (3.87 ± 0.280 %) and was 
significantly different among habitat types (main effect: F = 10.12; df = 1, 67;  p = 
0.002). The habitat  position interaction was not significant for either SOM or SM 
(Table 3) suggesting that strong gradients in resources from tree canopies to bare soil did 
not differ significantly across habitats (vegetation zones).  
Organismal response 
 Habitat - Trophic richness was significantly different between habitats (main 
effect: F = 28.10; df = 1,67; p<0.0001). Trophic richness was highest in the mesquite 
bosque habitat (9.54 ± 0.179 S), followed by riparian forest (8.99 ± 0.149 S) and desert 
scrub (7.76 ± 0.241 S). Total biomass was significantly different between habitats (main 
effect: F = 29.09; df = 1,67; p<0.0001). Total biomass was highest in the riparian forest 
(96.59 ± 7.72 g C m
-2
) relative to mesquite bosque (57.38 ± 4.53 g C m
-2
) and desert 
scrub (37.72 ± 3.25 g C m
-2
). Link Density was significantly different between habitats 
(main effect: F = 26.50; df = 1,67; p<0.0001). Link density was highest in the mesquite 
bosque habitat (1.02 ± 0.035 Z), followed by riparian forest (0.94 ± 0.027 Z) and desert 
scrub (0.73 ± 0.036 Z). Nematode biomass was significantly different between habitats 
(main effect: F = 7.46; df = 1, 67 p = 0.008). Total nematode biomass was highest in the 
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riparian forest (0.06 ± 0.012 g C m
-2
), relative to mesquite bosque (0.05 ± 0.007 g C m
-2
) 
and desert scrub (0.02 ± 0.003 g C m
-2
). Secondary biomass was significantly different 
between habitats (main effect: F = 386.52; df = 1,67; p<0.0001). Secondary biomass was 
highest in the riparian forest (1.17 ± 0.47 g C m
-2
) relative to mesquite bosque (0.37 ± 
0.09 g C m
-2
) and desert scrub (0.19 ± 0.13 g C m
-2
). Trophic position was significantly 
different between habitats (main effect: F = 42.56; df = 1,67; p<0.0001). Trophic position 
was highest in the mesquite bosque habitat (7.52 ± 0.75 W), followed by riparian forest 
(7.31 ± 0.52 W) and desert scrub (6.54 ± 1.02 W).  The habitat  position interaction 
effect was significant for trophic richness (Table 3; F = 33.35; df = 1, 67; p = <0.0001), 
total biomass (F = 4.41; p = 0.039), link density (F = 24.73; df = 1, 67; p = <0.0001), 
nematode biomass (F = 5.55; df = 1, 67; p = 0.021), secondary biomass (F = 10.30; df = 
1, 67; p = 0.002), and trophic position (F = 35.60; df = 1, 67; p < 0.0001).  
Seasonal Change (Test of Seasonal Hypothesis - Hypothesis 3) 
 Soil Resource Base 
 Season - Soil organic matter changed negligibly between each season (Sept. 
2010: 3.97 ± 0.467 %; June 2011: 3.79 ± 0.446 %; Sept. 2011: 3.63 ± 0.239 %). Soil 
organic matter and soil moisture did not differ significantly among seasons (SOM - main 
effect: F = 1.52; df = 140; p = 0.221; SM - main effect: F = 0.01; df = 140; p = 0.913). 
Although not significant, soil moisture was lower during the dry season relative to the 
monsoon season (Sept. 2010: 7.72 ± 0.612 %; June 2011: 1.78 ± 0.149 %; Sept. 2011: 
6.64 ± 0.266 %). The interactions between season  habitat, season  position, and season 
 habitat  position (Table 4) were not significant for soil organic matter and soil 
moisture.  
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 Organismal response 
 Season - Trophic richness (main effect: F = 4.32; df = 1,140; p = 0.039; Sept. 
2010: 8.88 ± 0.284 S; June 2011: 8.33 ± 0.156 S; Sept. 2011: 9.08 ± 0.162 S) and trophic 
position (main effect: F = 5.31; df = 1,140; p = 0.027; Sept. 2010: 8.88 ± 0.284 W; June 
2011: 8.33 ± 0.156 W; Sept. 2011: 9.08 ± 0.162 W) varied significantly between seasons.  
Total biomass (main effect: F = 0.008; df = 1,140; p = 0.931; Sept. 2010: 73.26 ± 6.90 g 
C m
-2
; June 2011: 52.11 ± 5.20 g C m
-2
; Sept. 2011: 66.32 ± 6.18 g C m
-2
), link density 
(main effect: F = 0.802; df = 1,140; p = 0.372; Sept. 2010: 0.92 ± 0.108 Z; June 2011: 
0.86 ± 0.029 Z; Sept. 2011: 0.91 ± 0.027 Z), nematode biomass (main effect: F = 0.289; 
df = 1,140; p = 0.591; Sept. 2010: 0.05 ± 0.011 g C m
-2
; June 2011: 0.02 ± 0.002 g C m
-2
; 
Sept. 2011: 0.05 ± 0.009 g C m
-2
), and secondary biomass (main effect: F = 0.161; df = 
1,140; p = 0.688; Sept. 2010: 0.58 ± 0.52 g C m
-2
; June 2011: 0.57 ± 0.51 g C m
-2
; Sept. 
2011: 0.59 ± 0.051 g C m
-2
)  did not vary significantly between seasons. 
 Seasonal Interactions - In this section, I explore significant time by treatment 
interactions, including those between season  habitat, season  position, and season  
habitat  position (Table 4) for food web metrics. These interactions allow us to 
understand temporal variation in main effects and the interaction between main effects.  
The interaction between habitat  season was significant for trophic richness (F = 3.69; df 
= 140; p <0.0001). For total biomass, the interaction between position  season (F = 4.62; 
df = 140; p = 0.033) was significant. The interaction for position  season (F = 4.01; df = 
140; p = 0.047) and habitat  season (F = 21.21; df = 140; p<0.0001) were significant for 
link density. Furthermore, the interaction for position  season (F = 8.50; df = 140; p = 
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0.004) and habitat  season (F = 23.43; df = 140; p<0.0001) were significant for trophic 
position. There were no significant seasonal interactions for nematode biomass and 
secondary biomass. There were no significant season  habitat  position interactions 
across all metrics.  
 Effect Sizes - Effect sizes (g) (Table 5) were significant between 
canopy/intercanopy spaces across all food web metrics for desert scrub habitat, despite a 
weaker effect size for soil resource distribution. Mesquite bosque had the strongest 
significant effect size for resource distribution (SOM: g = 1.00 and SM: g = 0.495) yet 
this did not translate to a strong effect size between food web metrics, with the exception 
of trophic richness, link density, nematode biomass, and trophic position. Riparian forest 
had the weakest canopy/intercanopy effect size for soil resources and a generally neutral 
effect size for food web metrics, with the exception of nematode biomass (g = -0.475) 
and secondary biomass (g = 6.12).    
 Effect size (g) change by season is shown in (Fig. 2). Soil resources (SOM and 
SM) were significantly positive in the mesquite bosque across all seasons. SOM was 
significantly positive in the riparian forest but only for the June 2011 and Sept. 2011 
sampling periods. No remaining combinations of habitat and season had significant effect 
sizes for soil resources.  
 Effects sizes were significantly positive in the desert scrub habitat for all food 
web metrics and seasons with the exception of nematode biomass and secondary biomass 
in June 2011. Furthermore, the effect size was negative for total biomass in Sept. 2010 in 
the desert scrub habitat although not significant. For mesquite bosque, effect sizes were 
significantly positive, across all seasons, for trophic richness only. Link density and 
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trophic position were only significant during Sept. 2010. Secondary biomass was 
significant only for June 2011 and Sept. 2011. For riparian forests, secondary biomass 
was significantly positive across all seasons. No remaining combinations of season and 
food web metrics had significant effect sizes for the riparian forest. 
 AIC Model Selection - Test of Resource Influence Hypothesis - AIC weights 
suggest that the linear model with the best support in explaining soil food web metrics, 
including soil microbial biomass response, was one with both SOM and SM (Table 6). 
Regression of SOM and SM suggest there is some degree of covariation during the dry 
season but it was lower during the monsoon season (Fig. 3). Variable weights increased, 
between seasons, for all measured response variables for SM. A consistent change in 
variable weights was not detected for SOM across seasons (Fig. 4).  
Discussion 
 The effects of plants—especially shrubs and trees—on local litter quality and soil 
moisture is well known for arid regions but most studies have focused solely on organic 
matter, soil moisture, or nutrient availability (Schlesinger et al. 1996).  Arid and semi-
arid plants enhance both the amount of soil organic matter (Klemmedson and Barth 
1975), and quality (Stromberg 1993) and either diminish (Adams et al. 1970) or enhance 
(Hultine et al. 2003) soil moisture via ET, translocation of deeper groundwater (Rood et 
al. 2003), or leaf litter cuticle characteristics (Bryant et al 1991).  Here I show that the 
island of fertility under woody plants not only influences soil resource availability but 
that this influence also extends to soil food webs size and structure.  Furthermore, the 
IOF effect varies with time and space.  
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IOF Effect Influences Food Web Properties 
 Total biomass, trophic richness, network link density, secondary biomass, and 
total trophic position were higher under plant canopies, relative to the bare intercanopy 
spaces in close proximity, supporting the Island of Fertility Hypothesis. I found that soil 
resources (SM and SOM) varied significantly between resource islands and bare areas 
and that the belowground response is in agreement with predictions made by many 
classic tenets of ecological theory including: increased total food web size and secondary 
production (Elton 1927; Oksanen et al 1981), trophic group number and diversity (Pimm 
and Lawton 1977; Pimm et al. 1991; Polis and Strong 1996; Moore et al. 2004), and 
network complexity (Dunne et al 2002). My results also corroborate the findings by 
Freckman and Mankau (1977) who found that total nematode abundance decreases with 
increasing distance from desert plant canopies. Nematode abundance also decreases with 
rooting depth (>10m) in arid regions (Freckman and Mankau 1977; Freckman and 
Mankau 1986; Freckman and Virginia 1989). However, depth was not considered in this 
study due to logistical constraints and the inaccessibility of my study area to truck-
mounted soil auger equipment. 
Spatial Variation of the IOF Effect on Food Web Properties 
 Strong differences between soil food web properties in canopy vs. intercanopy 
spaces are not uniformly observed across time and space, supporting my Spatial 
Hypothesis and corroborates Schade and Hobbie (2005).  Furthermore, differences in 
resource distribution did not always promote local changes in food web properties, as 
suggested by the IOF effect. Interestingly, food web properties were significantly higher 
under plant canopies in the desert scrub habitat despite the lack of difference in resource 
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distribution. In another example, mesquite bosque habitat had a significant IOF effect for 
soil resources yet this did not translate to canopy/bare area differences in total biomass 
and secondary production. 
 As I predicted, the strength of the island of fertility effect differed between the 
desert scrub, mesquite bosque, and riparian forest habitat. Desert scrub uplands generally 
had lower food web properties (e.g., total biomass, trophic richness, link density) relative 
to mesquite bosque and the riparian forest. Additionally, the magnitude of difference 
between canopy and intercanopy spaces was higher in desert scrub sites, when compared 
to other habitats in this study.  Importantly, soil food web total and secondary biomass 
was higher in riparian forest plots where groundwater is shallow, but trophic richness, 
link density, and trophic position were higher in mesquite bosque—the convergence zone 
between mesic and true xeric habitats (Stromberg 1993) and a habitat with higher N 
availability as a result of N-fixation by mesquite. 
 Finally, temporal differences, at broad spatial levels, indicate an increase in food 
web metrics upon the arrival of monsoon rains, supporting the Seasonal Hypothesis.  
These temporal differences allow us to understand the relative effects of both energy 
availability (SOM) and water (SM) on belowground food webs.  Significant position × 
season interactions and larger positive effect sizes during the dry season, especially for 
desert scrub canopy sties, for biomass and link density suggest that the effect of 
seasonally increased soil moisture minimizes the relative difference in biomass and 
network structure (link density) of soil food webs between canopy and interspace soils. 
 These results suggest many interesting conclusions about the relationship between 
aboveground plant canopies and belowground soil food webs (Wardle et al. 2004). My 
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conclusions are: a) broad spatial variation in IOF is driven by soil moisture (e.g., water) 
availability and habitat distribution b) but food web structure at any one location is 
determined by the cyclical relationship between the properties of inputted litter (energy) 
by a particular plant species and the storage and conservation of soil moisture by shade 
and SOM (Bardgett and Wardle 2010).   
The Spatial and Temporal Maxima of the IOF Effect is Determined by Moisture 
Availability 
 I hypothesize that the strength of IOF effect does not apply uniformly across an 
arid landscape or in time and that these critical temporal and spatial details are missing 
from the original description of IOF. I present a revised hypothesis stating that the IOF 
effect maxima is related to both long- and short-term trajectories of soil moisture 
availability. Specifically, the IOF maxima occurs in xeric landscapes (e.g., desert scrub) 
during the driest part of the year and this effect attenuates as soil moisture increases 
during the monsoon season and over a habitat gradient. My data supports this revised 
hypothesis as reviewed in the previous two sections.  This hypothesis could be further 
tested by using a factorial experiment using both rainout shelters (sensu Yahdjian and 
Sala 2002) and precipitation addition (sensu Whitford et al. 1981), in the dry and 
monsoon season, across a number of arid habitats and taxa. 
Water/Energy Nexus 
 In arid ecosystems, water availability limits biological activity first, rather than 
energy availability (Noy-Meir 1973; Noy-Meir 1974, Oksanen et al. 1981). However, for 
most soil systems, SOM and SM are positively related due to the cyclical relationship 
between SM and plant tissue production that drives detritus based soil food webs (Moore 
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et al. 2004). My results suggest that SOM availability varies between canopy and bare 
sites and that this pattern is robust across habitats, despite differences in leaf 
physiognomy, soil type, and possible influence of flood disturbance.  Furthermore, my 
results suggest that the consistent patchiness of energy availability in arid systems is 
somewhat mitigated, in a temporal sense, by increased seasonal soil moisture. 
Specifically, bare areas show seasonal increases in food web response variables during 
the monsoon season when water availability allows for reduced anhydrobiosis of 
belowground populations and restoration of soil food web networks.  In other words, the 
bare areas are not as depauperate as might be expected under the original definition of the 
IOF effect.  
  Model selection suggests that the linear model with the best support in explaining 
soil food web metrics, including soil microbial biomass response, is one including both 
SOM and SM.  This holds true across both seasons, which suggests a possible co-
limitation of both resources at broader scales (Table 6).  I observed modest covariation 
between SOM and SM during the dry season (R
2
 = 0.21) but none during the monsoon 
(R
2
 = 0.05) or when both seasons are combined [figure not shown, R
2
 = 0.04].  Reduced 
covariation during the monsoon results from soil saturation across habitats after heavy 
monsoon rainfall (Fig. 3), (Fig. 8 - Appendix). Nevertheless, the modest covariation 
(collinearity) between SM and SOM during the dry season suggests that my conclusions 
that energy and water are colimiting—even during the dry season—should be interpreted 
with some caution. Moreover, AIC variable weight analysis suggests that SM increases in 
influence during the monsoon season, across all response variables, relative to SOM, 
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providing support for Noy-Meir's idea and my own Resource Influence Hypothesis (Fig. 
4).  
  It is worth noting that the September 2010 and September 2011 monsoon seasons 
were different from one another, with more total rainfall during the 2010 season. Another 
factor that may have affected the monsoon comparisons are that the soil sampling dates 
differed with respect to time since previous precipitation event. The September 2010 
samples were taken 8 days after measureable precipitation fell. Conversely, the 
September 2011 samples were taken less than 12 hours after a precipitation event. Thus, 
the differences in my monsoon season data might be strongly influenced by the 
presence/absence of trophic groups due to soil moisture availability and subsequent 
reentry of soil organisms into anhydrobiosis upon soil drying (Whitford et al. 1981; 
Freckman 1986). 
Conclusion and Future Work 
 My study further corroborates the island of fertility effect in arid regions and 
further suggests that the influence of IOF on food web metrics changes in both space and 
time. This study also highlights the emerging recognition that mesquite bosques are 
important habitats in arid regions and that they support unique above- and below-ground 
assemblages, relative to the desert scrub and riparian forests habitats surrounding them 
(Soykan and Sabo 2009; Soykan et al. 2012; Sromberg and Wyant 2013).   For example, 
in this study, metrics regarding food web complexity (e.g., trophic richness (node 
richness), link density (a measure of network structure)), and trophic position were 
highest in the mesquite bosque sites, relative to desert scrub and riparian forest sites. I 
attribute this to the unique landscape position of the mesquite bosque as the transition 
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zone between true desert and arid riparian zones.  Mature mesquite bosques are found on 
terraces or benches that are infrequently flooded.  The combination of high soil moisture, 
N fixation, increased organic matter availability, and low physical disturbance by floods, 
creates a vegetation zone that differs in many aspects from adjacent upland desert scrub 
(drier, low disturbance) and riparian cottonwood-willow forests (wetter, high flood 
disturbance), (Stromberg and Wyant 2013). 
  Future work will include replicating this study in similar habitats in different 
areas of the arid Southwest US. This will allow us to quantify general trends in a similar 
habitat types across areas that have been under varying degrees of management and 
disturbance including stand age, proximity to urban areas, and previous land use. 
Furthermore, mycorrhizal relationships between roots and fungi also deserve further 
consideration due to their potential to redistribute resources throughout the soil profile 
and observed tolerance to desiccation (Allen 2007; Collins et al. 2008).    
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Figure 1 - Study locations near Grey Hawk Nature Center, Sierra Vista, AZ (above 
image) and sampling design (lower image). The line indicates a 50m scale bar. Image 
credit to Google Maps and all map data ©2012 Google, Sanborn. 
Figure 2 - Effect size (g) for soil resources and food web metrics for three seasons: dry 
(June 2011) and monsoon (Sept. 2010 and Sept. 2011).  The bi-directional arrow, just to 
the right of the origin, refers to the direction of the effect. C indicates a higher metric 
under the canopy while B indicates the intercanopy space. Sites are indicated by the 
following symbols: desert scrub (diamond); mesquite bosque (square); and riparian forest 
(triangle). Effect sizes are significant when 95% confidence intervals do not cross the 
zero line.  
Figure 3 - Seasonal relationship between SOM and SM. Please note that axis values are 
in the log scale.  
Figure 4 - AIC variable weights for SOM and SM for two seasons (dry and monsoon). 
Abbreviations refer to the following:  TR = trophic richness; TB = total biomass; LD = 
link density; BAC = bacteria biomass; FUN = fungi biomass; SB = secondary biomass; 
TP = trophic positions. 
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Table 1 - Soil Types included in this study. Information derived from USDA Web 
Soil Survey (Soil Survey Staff  2013).  
Site Name Soil Order (U.S.) Soil Series Name Soil Taxonomy Description 
Desert  
Scrub 
Aridisol Major 
Complex/Kaboom-
Reeup complex  
 
Fine-loamy, carbonatic, thermic 
petronodic calcigypsids/loamy, 
mixed, superacitve, thermic lithic, 
calcigypsids  
Mesquite 
Bosque 
Aridisol Major Complex/ 
Kaboom-Reeup 
complex  
 
Fine-loamy, carbonatic, thermic 
petronodic calcigypsids/loamy, 
mixed, superacitve, thermic lithic, 
calcigypsids  
C/W Gallery 
(Riparian) 
Entisol Brookline-
Fluvaquents-
Riverwash 
complex  
 
Sandy, mixed, thermic aquic 
torrifluvents  
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Table 2 - Descriptive means for soil pH, bulk density, and soil nutrients for sampled 
sites (mean with standard error). Nutrient data are expressed as µg/10cm
2
/90 days) 
Site Type Soil pH Bulk 
Density 
NH4
+
 NO3
-
 P 
Desert Scrub - Canopy 
(DSC) 
7.40 ± 
0.074  
1.10 ± 
0.050 
1.43 ± 
0.482 
137.96 ± 
35.438 
3.45 ± 
0.777 
Desert Scrub - Bare 
(DSB) 
7.66  ± 
0.128 
1.17 ± 
0.067 
1.71 ± 
0.455 
122.51 ± 
35.982 
4.30 ± 
0.857 
Mesquite Bosque - 
Canopy (MBC) 
7.99 ± 
0.057 
0.91 ± 
0.104 
1.45 ± 
0.487 
147.09 ± 
30.972 
3.34 ± 
0.515 
 Mesquite Bosque - 
Bare (MBB) 
7.41 ± 
0.145 
1.16 ± 
0.055 
1.46 ± 
0.530 
171.64 ± 
43.939 
4.60 ± 
0.896 
Riparian Forest - 
Canopy (RC) 
7.67 ± 
0.104 
1.05 ± 
0.105 
1.46 ± 
0.397 
201.180 ± 
55.084 
3.90 ± 
0.645 
Riparian Forest - Bare 
(RB) 
7.86 ± 
0.148 
1.14 ± 
0.039 
1.36 ± 
0.401 
180.09 ± 
51.632 
3.07 ± 
0.473 
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Table 3 - Means for site with standard error. Letters indicate significant difference 
between sites.  Shaded boxes indicate a significant habitat x position interaction.  
Site SOM SM Trophic 
Richness 
Total 
Biomass  
(g C m
-2
) 
Link  
Density 
Nematode 
Biomass  
(g C m
-2
) 
Secondary 
Biomass   
(g C m
-2
) 
Total 
Trophic 
Position 
DSC 3.71± 
0.244 
 
3.80± 
0.406 
 
8.972 ± 
0.266 
45.643± 
4.694 
0.937 ± 
0.049 
0.028 ± 
0.006 
0.307 ± 
0.013 
7.277 ± 
0.129 
DSB 3.28± 
0.185 
 
3.94± 
0.392 
 
6.555 ± 
0.286 
29.795 ± 
4.176 
0.527 ± 
0.028 
0.008 ± 
0.001 
0.092 ± 
0.011 
5.801 ± 
0.104 
MBC 6.22± 
0.538 
 
5.64± 
0.687 
 
10.222 ± 
0.211 
56.023 ± 
6.617 
1.135 ± 
0.052 
0.065 ± 
0.013 
0.375 ± 
0.013 
7.805 ± 
0.124 
MBB 3.58± 
0.284 
 
3.97± 
0.394 
 
8.861 ± 
0.243 
58.729 ± 
8.401 
0.912 ± 
0.039 
0.031 ± 
0.007 
0.383 ± 
0.017 
7.25 ± 
0.108 
RC 3.13± 
0.182 
7.90± 
0.964 
8.777 ± 
0.233 
94.008 ± 
10.448 
0.912 ± 
0.044 
0.033 ± 
0.008 
1.618 ± 
0.009 
7.333 ± 
0.097 
 
RB 2.86± 
0.154 
 
7.04± 
0.851 
9.914  ± 
0.186 
99.175 ± 
11.526 
0.934 ± 
0.031 
0.081 ± 
0.024 
0.723 ± 
0.032 
7.277 ± 
0.075 
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Table 4 -  Food Web metrics (mean ± standard error) within a habitat over each season. 
 
Site 
Soil Organic Matter Soil Moisture Trophic Richness Total Biomass Link Density 
Sept. 
2010 
June 
2011 
Sept. 
2011 
Sept. 
2010 
June 
2011 
Sept. 
2011 
Sept. 
2010 
June 
2011 
Sept. 
2011 
Sept. 
2010 
June 
2011 
Sept. 
2011 
Sept. 
2010 
June 
2011 
Sept. 
2011 
DSC 3.825 ± 
0.120 
3.969 ± 
0.081 
3.332 ± 
0.098 
4.505 ± 
0.201 
1.646 ± 
0.052 
5.232 ± 
0.091 
8.42 ± 
0.526 
8.58 ± 
0.186 
9.92 ± 
0.236 
29.37 ± 
5.690 
46.71 
±0.160 
60.83± 
0.078 
0.85 ± 
0.087 
0.88 ± 
0.038 
1.09 ± 
0.061 
DSB 3.085 ± 
0.060 
3.499 ± 
0.089 
3.250 ± 
0.078 
4.478 ± 
0.146 
1.187 ± 
0.093 
5.475 ± 
0.128 
5.17 ± 
0.401 
6.75 ± 
0.177 
7.74± 
0.349 
40.05 ± 
5.930 
18.70 
±5.259 
30.64 ± 
1.141 
0.38 ± 
0.028 
0.55 ± 
0.012 
0.65 ± 
0.045 
MBC 6.377 ± 
0.226 
5.983 ± 
0.225 
6.238 ± 
0.228 
7.155 ± 
0.371 
2.244 ± 
0.103 
7.524 ± 
0.121 
10.92 ± 
0.356 
9.83 ± 
0.196 
9.92 ± 
0.273 
60.14 ± 
9.176 
46.28 
±6.449 
61.65± 
10.369 
1.33 ± 
0.094 
1.08 ± 
0.057 
1.00 ± 
0.042 
MBB 4.387 ± 
0.141 
3.014 ± 
0.231 
3.321 ± 
0.233 
4.939 ± 
0.112 
1.327 ± 
0.062 
5.629 ± 
0.148 
9.08 ± 
0.431 
8.75 ± 
0.269 
8.75 ± 
0.335 
76.17 ± 
9.581 
44.86 
±9.777 
55.16 ± 
8.384 
0.90 ± 
0.064 
0.93 ± 
0.059 
0.91 ± 
0.045 
RC 3.032 ± 
0.106 
3.388 ± 
0.065 
2.981 ± 
0.098 
13.554 
± 0.321 
1.923 ± 
0.122 
8.208 ± 
0.110 
9.75 ± 
0.288 
6.67 ± 
0.210 
8.92 ± 
0.292 
97.43 ± 
17.227 
92.19±
11.262 
92.40 ± 
16.428 
1.04 ± 
0.068 
0.86 ± 
0.066 
0.91 ± 
0.045 
RB 3.094 ± 
0.080 
2.861 ± 
0.062 
2.631 ± 
0.170 
11.712 
± 0.308 
1.653 ± 
0.051 
7.764 ± 
0.151 
9.92 ± 
0.186 
8.42 ± 
0.292 
9.25 ± 
0.177 
136.3± 
14.748 
63.92± 
14.173 
97.22 ± 
16.360 
1.01 ± 
0.052 
0.86 ± 
0.033 
0.93 ± 
0.040 
 Nematode Biomass Secondary Biomass Total Trophic Postion       
 Sept. 
2010 
June 
2011 
Sept. 
2011 
Sept. 
2010 
June 
2011 
Sept. 
2011 
Sept. 
2010 
June 
2011 
Sept. 
2011 
      
DSC 0.02 ± 
0.005 
0.01 ± 
0.002 
0.05 ± 
0.012 
0.34 ± 
0.007 
0.20 ± 
0.003 
0.37 ± 
0.013 
7.01 ± 
0.301 
7.16 ± 
0.112 
7.66 ± 
0.188 
      
DSB 0.00 ± 
0.002 
0.01 ± 
0.002 
0.01 ± 
0.002 
0.04 ± 
0.003 
0.18 ± 
0.002 
0.05 ± 
0.003 
5.16 ± 
0.112 
6.01 ± 
0.001 
6.25 ± 
0.179 
      
MBC 0.08 ± 
0.024 
0.03 ± 
0.009 
0.08 ± 
0.019 
0.39  ± 
0.028 
0.35 ± 
0.010 
0.38 ± 
0.248 
8.25 ± 
0.250 
7.66 ± 
0.188 
7.51 ± 
0.151 
      
MBB 0.02 ± 
0.007 
0.03 ± 
0.007 
0.04 ± 
0.009 
0.44  ± 
0.009 
0.25 ± 
0.007 
0.45 ± 
0.020 
7.08 ± 
0.229 
7.33 ± 
0.188 
7.33 ± 
0.142 
      
RC 0.06 ± 
0.012 
0.01 ± 
0.001 
0.03 ± 
0.007 
1.66 ± 
0.015 
1.56 ± 
0.001 
1.63 ± 
0.017 
7.5 ± 
0.195 
7.25 ± 
0.179 
7.25 ± 
0.130 
      
RB 0.12 ± 
0.047 
0.01 ± 
0.007 
0.11 ± 
0.026 
0.63 ± 
0.057 
0.92 ± 
0.007 
0.62 ± 
0.041 
7.33 ± 
0.142 
7.25 ± 
0.130 
7.25 ± 
0.131 
      
8
9
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Table 5 - Mean effect size (g) between canopy and bare areas for each habitat. 
Positive numbers indicate a higher measurement under the canopy, relative to the 
bare area. Negative numbers indicate the opposite. Shades boxes indicate a 
significant effect size.  
Site SOM Soil  
Moisture 
Trophic 
Richness 
Total  
Biomass 
Link  
Density 
Nematode 
 Biomass 
Secondary 
Biomass 
Trophic 
Position 
DS 0.33 -0.06 1.44 0.59 1.71 0.88 2.91 2.06 
MB 1.00 0.49 0.98 -0.07 0.82 0.47 -0.11 0.78 
RF 0.26 0.16 -0.32 -0.08 0.04 -0.47 6.12 0.11 
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Table 6 - AIC modeling results showing the best fitting model of each relationship 
tested. Abbreviations are for the following: SOM = soil organic matter percentage; 
SM = soil moisture percentage; TR = trophic richness; TB = total biomass; LD = 
link density; BAC = bacteria biomass; FUN = fungi biomass; SB = secondary 
biomass; TP = total trophic position.  
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 216  
TR = SOM 
SM 
TR = SOM SM 0.845 545.83 
Dry  72 TR = SOM SM 0.803 192.03 
monsoon  144 TR = SOM SM 0.874 343.64 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 216  
TB = SOM 
SM 
TB = SOM SM 0.563 1730.34 
Dry  72 TB = SOM SM 0.431 569.10 
monsoon  144 TB = SOM SM 0.613 1158.16 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 216  
LD = SOM 
SM 
LD = SOM SM 0.819 -390.61 
Dry  72 LD = SOM SM 0.759 -116.60 
monsoon  144 LD = SOM SM 0.849 -278.40 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 216  
BAC = SOM 
SM 
BAC = SOM SM 0.655 -293.55 
Dry  72 BAC = SOM SM 0.548 -78.75 
monsoon  144 BAC = SOM SM 0.717 -221.90 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 216  
FUN = SOM 
SM 
FUN = SOM SM 0.556 1727.08 
Dry  72 FUN = SOM SM 0.425 567.41 
monsoon  144 FUN = SOM SM 0.606 1156.73 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 216  
SB = SOM 
SM 
= SOM SM 0.556 -283.60 
Dry  72 = SOM SM 0.442 -75.85 
monsoon  144 = SOM SM 0.706 -246.78 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 216  
TP = SOM 
SM 
= SOM SM 0.827 476.56 
Dry  72 = SOM SM 0.805 169.47 
monsoon  144 = SOM SM 0.861 287.88 
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CHAPTER 4 
MICROTOPOGRAPHIC CONTROLS OF SOIL FOOD WEB STRUCTURE IN AN 
ARID FLOODPLAIN 
Abstract 
 Previous work shows that, in a desert riparian corridor, peak processing of carbon 
and nitrogen resulted from the seasonal reestablishment of hydrologic connectivity 
between resource pools (upland C and N inputs to floodplain) and the soil microbial 
community during monsoonal flooding. Pulses of nutrient mineralization in riparia are 
highly dependent on microtopography and a small elevation gradient of less than 200cm 
can have significant impacts on microbial activity and N retention and removal. In this 
study I seek to understand how microtopography, rainfall seasonality (water resources) 
and antecedent hydrology (floods that scour and redistribute soil organic matter) 
determine the structure of soil food webs in desert riparian soils. I found that riparian soil 
food webs were generally not significantly influenced by microtopographic position 
(MP), in spite of significantly higher accumulation of key resources—soil  organic matter 
(SOM) and soil moisture (SM)—at lower MP. Nevertheless, both SOM and SM 
determine food web structure and with approximately equal parameter weight. Floods 
scour and redistribute SOM across the floodplain landscape leading to strong semiannual 
variation in the effect size of MP, likely a result of antecedent hydrology.  Surprisingly, I 
quantified large biomasses of fungi in the lower microtopographic position and I suspect 
this group might play an underappreciated role in the terrestrial N cycle in arid regions, 
relative to soil bacteria.  Soil food web properties in this desert riparian food web were 
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most likely regulated by variation in annual flow maxima and reorganization of SOM by 
temporally variable scouring of the litter layer in the floodplain soil.    
Introduction 
 Water pollution is detrimental to human health and well-being (World Health 
Organization, 2008) as clean water is a core requirement for agriculture, industry, 
transportation, and maintaining biodiversity (Carpenter et al. 1998). Urban development, 
agriculture, and atmospheric deposition are increasing inputs of major macronutrients 
like Nitrogen (N) and Phosphorus (P) to arid regions (Vitousek et al. 1997). Nitrogen 
enrichment degrades ecosystems (e.g., algal blooms and hypoxia) and impairs the use of 
rare surface waters.  
 Polluted water is expensive to store and treat; therefore, preventing contamination 
is the best option for maintaining water quality in dry regions (Carpenter et al. 1998). 
Soils, and associated flora and fauna, filter terrestrial contaminants and N & P sources 
entering surface and ground water systems (Lance 1972; Batie et al. 1993), (Fig. 1). 
However, the exact mechanisms of how these soil associations process and stabilize 
inputs are poorly known, especially in regions limited by fresh water resources.  
 In arid riparian areas, terrestrial soil microbes are critical for processing and 
removing large seasonal inputs of N imported from uplands (Heffernan and Sponseller 
2004; Harms and Grimm 2008) during floods. For example, Harms and Grimm (2008) 
demonstrate that, in a desert riparian corridor, peak processing of C and N resulted from 
the seasonal reestablishment of hydrologic connectivity between resource pools (upland 
C and N inputs to floodplain) and the floodplain soil microbial community, no longer 
limited by water, during monsoonal flooding.  
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 Following rewetting, desert riparian soils increased in concentrations of 
ammonium and nitrate, relative to dry soils, due to revival of dormant microbial 
populations and processing activities (Heffernan and Sponseller 2004). Soil microbes 
also play crucial roles in converting nitrates to gas (N2) which, when volatilized to the 
atmosphere, removes the nutrient from the floodplain and mitigates potential 
eutrophication of surface waters and the pollution of shallow groundwater tables (Lance 
1972). Microbial activity may remove as much as 70-80% of flood delivered N, which is 
then further incorporated into the biomass of riparian flora and fauna (Schade et al. 2002; 
Heffernan and Sponseller (2004). Therefore, desert riparian areas account for the 
majority of nutrient removal over the landscape (Belnap et al. 2005; Harms et al. 2009). 
However, rates of microbial processing of flood inputs are not uniform across the 
floodplain (McClain et al. 2003).   
 Pulses of nutrient mineralization in riparia are highly dependent on micro-
topography and a small elevation gradient of less than 2 m can have significant impacts 
on microbial activity and N retention and removal after flooding (Harms and Grimm 
2008). Hot spots of nutrient mineralization and denitrification occur at low-elevation sites 
within the riparian zone. Low areas also harbor the highest concentrations of soil 
resources (e.g., H20, C, and N pools) and microbial biomass (McClain et al. 2003; Harms 
and Grimm 2008; Vidon et al. 2010). Additionally, both microbial biomass and 
extractable ammonium decline significantly with small increases in elevation (0-2 m) in a 
Sonoran Desert floodplain (Harms and Grimm 2008). Furthermore, denitrification 
potential also peaks at lower elevation. This suggests that optimal microbial processing of 
nutrients is patchy in arid floodplains and may be controlled by microtopography and 
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associated gradients in soil resources. It is not known how higher trophic levels in the soil 
food web affect microbial populations in desert riparia.  
   The soil food web demands consideration in arid riparian areas because of the 
unique role of fungi relative to bacteria in arid land soils (Collins et al. 2008), the strong 
degree of control higher trophic levels can exert on lower trophic levels (Ingham et al. 
1985 and Ingham et al. 1986) and subsequent changes in ecosystem services, such as 
nutrient availability and soil fertility (Ingham et al. 1985; Moore 1994). In this study, I 
seek to understand how microtopography, seasonality in rainfall, and antecedent 
hydrology (flooding) determine the structure of soil food webs in desert riparian soils.  
Hypothesis and Predictions 
 H1 - Microtopographic Position Hypothesis - Belowground biomass and food 
web network properties will vary with elevation because of the deposition of critical 
resources such as (SOM) and proximity to groundwater (SM), which control these 
metrics. 
 P1 - SOM, SM, trophic richness, total soil food web biomass, and link density will 
be higher in low elevation resource hot spots. 
 H2 - Seasonal Change Hypothesis - Belowground biomass and food web 
properties will vary between the dry season and monsoon because rainfall (and SM) was 
higher in the monsoon and monsoon floods scour and redistribute SOM. 
 P2 - SOM, SM, trophic richness, total soil food web biomass, and link density will 
increase during the monsoon season and/or after longer interflood intervals. 
 H3 - Seasonal x Position Hypothesis - Seasonal increases in belowground 
biomass and food web structure will vary by microtopographic position because water is 
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both a resource (reduced anhydrobiosis) and a condition (associated with increased 
anoxia) that may have countervailing effects. 
 P3 - Food web complexity in lower zones will be truncated due to seasonal 
flooding and anoxic conditions despite the alleviation of water limitation and influx of 
bioavailable materials.   
 H4 - Resource Influence Hypothesis - The most limiting soil resource for soil 
food web metrics (SM or SOM) switches with the onset of seasonal precipitation.  
 P4 - SM will best fit food web metrics during the dry season because of 
widespread water limitation.  SOM will best fit the data during the monsoon season due 
to the alleviation of water stress. 
 H5 -  Flood Disturbance Hypothesis -  The strength of the position effect is 
determined by the return interval of large floods. 
 P5 - Years marked by higher and more recent discharge maxima will have a 
decreased position effect due to physical disturbance of food webs, reorganization of 
resources, and anoxic conditions.  
Methods 
Site Description 
 Field plots were established at Gray Hawk Nature Center near Sierra Vista, AZ 
along the San Pedro River, in southeastern Arizona in 2011 (Fig. 2). Refer to Harms and 
Grimm (2008) for an extensive site description of my study area. I qualitatively identified 
floodplain microtopography for the low position using the presence/absence of wetland 
zone plants such as seep willow (Baccharis salicipholia), (sensu Harms and Grimm 
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2008). The higher position plots were located within 3 m of the low zone along a small 
floodplain bench. 
  Soils were collected using a soil coring device with a volume of 425 cm
3 
and 
depth of 10 cm. Cores were placed in resealable plastic bags and kept cool during 
transport back to the lab. Upon arrival, I hand sieved all samples for biotic extractions 
and characterization of physical variables. Soil cores were taken twice per year (June and 
September), in four plots (2 low; 2 high), in 2011 and 2012, in order to capture seasonal 
dynamics of precipitation and food web activity (dry → monsoon). I took four cores per 
plot, for each season and year, resulting in 92 samples total. The plots identified by a 
dashed square were abandoned after 2011 due to accumulation of flood debris, which 
prevented access to area.  Soil type information can be found in (Table 1). 
Soil Flora and Fauna Enumeration   
 I extracted nematodes using the Baermann funnel water extraction technique (Hall 
1996; Yeats 1999). 20 g samples were extracted over a 72-hour period with de-
chlorinated water. Nematodes were classified into five functional groups (bacteriovores, 
fungivores, predators, omnivores, and plant feeders), following feeding preference (sensu 
Pavao-Zuckerman and Coleman 2008), and are expressed as biomass (g C m
-2
), following 
Quirk_(2006).  
 Soil protozoa (ciliates, flagellates and amoeba) abundances were quantified via 
serial dilutions of soil samples and the most probable number approach at Earthfort Labs, 
Inc.. Total ciliate, flagellate, and amoebae total estimates were then converted to biomass 
values and are reported here (Quirk 2006). 
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 I estimated microarthropod biomass using the Tullgren funnel technique (Hall 
1996). Soil samples (200 g) were set on top of wire mesh inside a funnel, surrounded by 
foil, and placed under a heat source. Samples were extracted over 5 days into vials of 
70% alcohol. Microarthropods are identified to functional group (mite predators, 
nematode predators, fungal feeding Cryptostigmata and Uropodid mites, and Collembola) 
and are expressed as biomass (g C m
-2
), following Quirk (2006). 
 I determined fungi and bacteria abundance following Frey et al. (1999). 5 g of soil 
were added to 45 ml of de-ionized water for a 10:1 dilution, in a sterilized Waring 
blender. The 5 g soil samples were then blended for one minute. A 1 ml aliquot was 
extracted from the blender and added to 9 ml of sterile de-ionized water in a test-tube 
mixed. Using a pipette, five 10ml samples were transferred to 10-well (6mm) microscope 
slides and fluorescent stains were added (DTAF - bacteria and Calcoflour - fungi). For 
each soil sample, two separate slides were prepared for fungi and bacteria.  
 Fungal hyphal lengths and bacteria populations were measured using a Letiz 
Laborlux S mercury bulb compound microscope at 400-1000x total magnification with 
filters adjusted for UV illumination. Equations for estimating total lengths of hyphae 
were adapted from Bloem et al. (1995). Bacteria and fungi are expressed as biomass (g C 
m
-2
), following Quirk (2006). 
Abiotic Variables 
 I estimated percent soil moisture for each soil core. A 5 g sample was weighed 
and placed into a 55ºC drying oven for 5 days. Water content was calculated as the mass 
loss between the initial weight and the dry weight (ASTM 2000). 
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 Soil organic matter content was quantified using the loss-on-ignition method 
(ASTM 2000). I placed a dry 10 g portion of each soil core in a 500ºC muffle furnace for 
2 hours and reweighed the sample. Organic matter in the soil sample was calculated as 
the difference between the initial 10 g and the final weight after ignition.  
 Soil pH was assessed for each habitat (n=12 cores per position) using the slurry 
method in June 2013 and September 2013 (Brady and Weil 1997). I placed a Milwaukee 
MW101 PH Meter in a 2:1 ratio of deionized water and soil, to improve fluidity.  
 I estimated soil bulk density for each habitat type in the summer of 2011 using 
method described in Brady and Weil (1997). Soil cores were collected from each habitat 
(n=4 for each habitat type) of a known volume, weighed, and allowed to air dry at 40°C 
in a green house for one week. Soil were then reweighed and expressed as dry weight 
(g)/m
3
.  
Food Web Metrics  
 I determined food web biomasses (g C m
-2
) by calculating average biomass of 15 
trophic groups in each soil core and taking the mean at each site and each season (Tables 
1a - 1d - Appendix). Average trophic group richness (S) was estimated by counting the 
presence/absence of 15 trophic groups in each soil core and taking the mean at each site 
and season. Food web depictions were constructed from the maximum number of 
functional groups found at each landscape type during the dry and monsoon seasons in 
2011 and 2012 (Fig. 1 and Fig. 2 - Appendix).  I used link density (Z = links/nodes) as a 
measure of food web network complexity (sensu Montoya et al. 2006). Specifically, I 
used the Foodweb R Package (Perdomo et al. 2012) to generate link density means, on a 
core by core basis, for each habitat type, using presence/absence data of extracted trophic 
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groups (see above) and generating a network map based on feeding interactions in Hunt 
et al. (1987). 
Statistical Analysis 
 I analyzed my data using the following methods: first, I utilized a linear mixed 
effects model to understand how spatial and temporal variables explained variance in 
drivers (SM and SOM), as well as food web response variables (Hypotheses 1-3).  
Second, I translated these effects into effect sizes (Hedge's g - Hypotheses 1-3 or partial 
η2 - Hypothesis 5) to understand how the magnitude of the position effect varied 
seasonally (in response to rainfall) and semi-annually (in response to floods) influence. I 
carried out a multiple regression and compared candidate models using AIC (SAS 2007) 
to estimate the importance of putative resources (SM and SOM) on food web properties 
(Hypothesis 4). Model and variable weights were calculated following Burnham and 
Anderson (2002).  Linear regressions were performed using Microsoft Excel (2007).  
 The data were analyzed using the NLME package in R software with a mixed 
model with position type (Low and High) and season (Dry and monsoon). Analyses were 
performed separately in 2011 and 2012. Analyses presented here include an overall 
comparison of year, season, position and interactions between main categories. All data 
were transformed, when required, to 1n(x+1) to fulfill normality assumptions. Statistical 
significance is indicated when (p < 0.05). 
 Partial η2 was used to estimate the effect of the position, for each year and season, 
as a response to maximum discharge for SOM, trophic richness, total biomass, and link 
density. Nematode biomass was excluded for brevity. I calculated partial η2 using the 
following:  
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 where SSeffect = the sums of squares for the position effect and SSerror = the sums of 
squares for the error term.  
 Hedge's g was used to estimate the effect size between the position (low vs. high) 
and Season (Dry vs. monsoon) by year (Hedge 1981). Effect size was calculated using 
the following:   
   
  
 
   
 
  
 
 where 1  refers to the mean of the Low measurement and 2 refers to the mean 
of the High measurement.  Pooled standard deviation was calculated using the following: 
      
         
          
  
       
 
 Hedge's g can be used to measure effect size when comparing means of two 
groups (i.e., for treatments like position or season that have only two levels).  This 
approach is akin to a Student's t-test and conveniently carries a sign that indicates 
direction of effect.  Partial 
2  is a better effect size estimate for treatments with more 
than two levels embedded within complex linear models.  The calculation is much like 
that of a correlation coefficient (R); and since t-statistics can be transformed to 
correlation coefficients (Rosenberg et al. 2000), Hedge's g and 
2 have quantitative 
similarities.  I chose to use two different effect size measures and not to convert my 
Hedge's g estimates to R (and
2 ) in order to preserve the sign carried with Hedge's g 
estimates.  
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Hydrology, discharge data and floods 
 Stream flow was quantified using the United States Geological Survey (USGS) 
gauge installed at the Charleston Bridge near Sierra Vista, AZ (Gauge - #09471000) for 
years 2007 through 2012 (Fig. 3). Here I quantified the number of days, relative to 
sampling date, since a flow of >700 cfs was recorded and daily discharge information 
three months prior to a sampling date (blue) and one week after (red). I chose a value of 
700 cfs due to the rarity of flows >1000 cfs during my sampling period (2011 and 2012) 
and to also coincide with streamflow maxima in Harms and Grimm (2008). 
Results 
Hydrology 
 Temporal patterns of daily instantaneous discharge differed between years and by 
season (Fig. 3). The dry seasons were marked by a lower median discharge, relative to 
the monsoon. Maximum instantaneous flows were frequently greater than 1000 cubic feet 
per second (cfs) in magnitude in 2008 and 2010 with few such events in 2007, 2009, and 
2011.  High flows in October 2010 exceeded those in Harms & Grimm (2008) and hence 
set the stage for potentially different spatial distributions of resources (SOM) and 
organisms during ensuing dry years up to the final soil sampling for this study during the 
monsoon of 2012. 211 and 140 instantaneous high-flow events (recorded every 15 
minutes) exceeding 700 cfs were observed in 2010 and 2012, respectively.  In contrast, I 
observed only 12 events above this magnitude in 2011 (dry season or monsoon) or during 
the dry season of 2012.   
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Position  
 Soil Resource Response - Soil organic matter (SOM) was highest in the lower 
position, in 2011 (low: 5.22 ± 0.466 %; high: 3.36 ± 0.443 %) and 2012 (low: 6.28 ± 
0.330 %; high: 5.38 ± 0.355 %), (Table 2). However, SOM was only significantly 
different for the position effect in 2011 (main effect: F = 4.50; df = 21; p = 0.048). Soil 
moisture (SM) was highest in the lower position in 2011 (low: 16.89 ± 1.621 %; high: 
10.71 ± 1.076 %) and 2012 (low: 15.62 % ± 1.306; high: 10.65 ± 1.057 %). Furthermore, 
SM was significantly different, for the position effect, in 2011 (main effect: F = 5.54; df 
= 21; p = 0.028) and 2012 (main effect: F = 13.47; df = 21; p = 0.001), (Table 2). Means 
and standard errors for soil resources, by position, are reported in Table 3. 
 Organismal Response – In general, organismal responses to microtopography 
were weak and non-significant.  A significant position effect was not detected for trophic 
richness, for either year: 2011 (low: 8.45 ± 0.377 S; high: 8.32 ± 0.266 S) and 2012 (low: 
8.13 ± 0.283 S; high: 8.33 ± 0.298 S) or total food web biomass, for either year: 2011 
(low: 60.17 ± 7.046 g C m
-2
; high: 54.79 ± 7.530 g C m
-2
) and 2012 (low: 31.93 ± 3.668 g 
C m
-2
; high: 27.33 ± 3.439 g C m
-2
), (Table 2). However, the low position generally had 
more total biomass, although it was not significant. Link density was not significant for 
position, for either year: 2011 (low: 0.88 ± 0.057 Z; high: 0.85 ± 0.0.046 Z) and 2012 
(low: 0.79 ± 0.041 Z; high: 0.81 ± 0.046 Z).  Lastly, nematode biomass was not 
significant for position in either year: 2011 (low: 0.02 ± 0.004 g C m
-2
; high: 0.02 ± 0.006 
g C m
-2
) and 2012 (low: 0.01 ± 0.004 g C m
-2
; high: 0.001 ± 0.0002 g C m
-2
), (Table 2). 
Means and standard errors for food web metrics, by position, are reported in Table 3. 
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Season 
 Soil Resource Response - Soil organic matter changed across seasons, for both 
years, albeit not consistently, (2011: Dry: 3.93 ± 0.508 %; monsoon: 4.71 ± 0.420 %) and 
(2012: Dry: 6.39 ± 0.279 %; monsoon: 5.27 ± 0.381 %). SOM was only statistically 
significant by season in 2012 (main effect: F = 7.71; df = 18; p = 0.011), (Table 2). Soil 
moisture was significantly higher in the monsoon season in 2011 (main effect: F = 8.36; 
df = 18; p = 0.009) and 2012 (F =108.66; df = 18; p<0.0001). Dry seasons (2011: 11.88 ± 
1.236 %; 2012: 8.68 ± 0.697 %) had consistently lower soil moisture, in all plots, relative 
to the monsoon season (2011: 16.11 ± 1.724 %; 2012: 19.59 ± 3.998 %), (Table 2). 
 Organismal Response – In general, seasonal changes in the food web were 
inconsistent and not always congruent to changes in soil moisture. Trophic richness 
changed across seasons, for both years, albeit not consistently (2011: Dry: 8.25 ± 0.295 S; 
monsoon: 8.55 ± 0.360 S) and (2012: Dry: 8.33 ± 0.328 S; monsoon 8.13 ± 0.251 S), nor 
was it statistically significant, (Table 2). Total biomass was highest during the dry season 
(2011: Dry: 61.83 ± 7.585 g C m
-2
; 2012: Dry: 38.80 ± 3.319 g C m
-2
), for both years, 
relative to monsoon season (2011: monsoon: 52.27 ± 6.629 g C m
-2
; 2012: monsoon: 
20.46 ± 2.723 g C m
-2
), however, only 2011 had a significant seasonal effect (main 
effect: F = 16.79; df = 18; p = 0.0005).  Link density changed across seasons, for both 
years, albeit not consistently (2011: Dry: 0.82 ± 0.041 Z; monsoon: 0.92 ± 0.064 Z) and 
(2012: Dry: 0.84 ± 0.171 Z; monsoon 0.76 ± 0.026 Z), nor was it statistically significant, 
(Table 2). Lastly, nematode biomass changed across seasons, for both years, albeit not 
consistently (2011: Dry: 0.03 ± 0.006 g C m
-2
; monsoon: 0.0.01 ± 0.002 g C m
-2
) and 
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(2012: Dry: 0.00 ± 0.002 g C m
-2
; monsoon 0.01 ± 0.004 g C m
-2
).  Nematode biomass 
was statistically significant in 2011 (main effect: F = 5.59; df = 18; p = 0.029), (Table 2). 
Position x Season and Hedge's g Effect Sizes 
 Soil Resource Response – SOM at each position did not change across seasons 
(non-significant position x season interaction) but instead was highest in the low zones, 
across all sample dates (Table 4, Fig. 4). By contrast, and as expected, 
microtopographical differences in soil moisture changed between dry season and 
monsoon, but only significantly in 2011 (F = 5.82; df = 1,18 p = 0.026).  Like SOM, SM 
was highest in the lower position at each sample date (Table 4, Fig. 4).  
 Organismal Response  - Food web metrics were often highest (g) in the low zone 
during the dry season, but reversed upon the arrival of monsoon rains, with the exception 
of nematode biomass (Table 4, Fig. 4).   Nevertheless, microtopographical differences in 
food web structure did not vary significantly between seasons (i.e., non-significant season 
x position interaction).  
Impacts of antecedent hydrology  
 We plotted effect sizes for the microtopography factor in linear models (as partial 
2 ) as a function of flood recurrence interval (i.e., time since last >700 cfs event) across 
the four seasons to understand the role of antecedent hydrology in mediating the role of 
elevation in determining food web structure.   Overall, effect sizes for microtopography 
were low (η2 < 0.1), consistent with non-significant effects of this variable.  However, 
effect sizes were not consistently low, but rather varied semi-annually and as a function 
of key aspects of antecedent hydrology.  Effect sizes for total biomass increased with 
increasing return time (Fig. 5); this effect was largely driven by fungi. By contrast, effect 
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sizes for measurements of network structure (link density and trophic richness) decreased 
with time since > 700 cfs, although this pattern was more clear for TR than LD.  
Comparison of SM and SOM as drivers of food web structure  
 Model selection (via AIC model and parameter weights) suggests that SM and 
SOM were almost equivalently important in driving key aspects of soil food web 
structure and biomass (Table 5); however, these two variables together explained 
relatively little of the variance in these food web properties (Table 6).  Low R
2
 may arise 
from collinearity between SOM and SM (Fig. 6), but this covariation is minimal when 
dry season and monsoon data are pooled (R
2
 = 0.25), suggesting that factors other than 
resources may drive soil food webs on these floodplains.  
Discussion and Conclusion 
 Water quality is maintained in part by the ability of riparian soils to transform 
flood delivered nutrients and organic matter into gases (N2) and simpler carbon 
structures.  The soil biota—bacteria and fungi—is a critical component of this riparian 
soil filter; however, the structure, and hence, filtration efficacy of this biota is controlled 
in part by the role of water as a resource and as an agent of disturbance.  In the near river 
environment, microtopography is suspected to have a strong influence on regional 
biogeochemistry, determining hot spots and moments of N transformations (Harms and 
Grimm 2008).   
 However, I found that microtopographic position and seasonality were not 
unanimously relevant in terms of driving soil food web structure in spite of strong effects 
on resource distributions (Fig. 4; Table 2). In addition, the primary influence of a 
particular soil resource (SOM or SM) did not alternate seasonally, as I expected.  Instead, 
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I found that: 1) the recent flow regime controled SOM distributions on the floodplain, 2) 
trophic richness and link density decreased but total food web biomass increased with 
higher return times of flood flows > 700 cfs, and 3) much of these effects were driven by 
strong response of fungi to SOM distribution.  
 Recall that a goal of this study was to provide a soil food web context to the 
notion of microbial "hot spots and hot moments" in riparian areas (McClain et al. 2003; 
Harms and Grimm 2008; Vidon et al. 2010). My microbial biomass results corroborate  
patterns observed in Harms and Grimm (2008) as microbial biomass decreased with 
rising microelevation, which is correlated with soil moisture levels (R
2
 = 0.021; df = 90; 
y = -0.651 + 33.574; p = 0.167), (Fig. 7). However, Harms and Grimm (2008) only report 
microbial biomass and did not separate the relative quantities of fungi and bacteria. 
Microtopographic position has an influence on the constituents of the microbial mass 
critical for N transformations (Harms and Grimm 2008). I found that bacteria biomass is 
positively correlated with soil moisture (Dry: R
2
 = 0.032; df = 35; y = 0.009x + 0.324; p 
= 0.310; monsoon: R
2
 = 0.016; df = 47; y = 0.005x + 0.4723; p = 0.418), (Fig. 8 - top).  I 
also found an almost neutral relationship between fungi and soil moisture (Dry: R
2
 = 
0.023; df = 47; y = 0.903x + 35.673; p = 0.299; monsoon: R
2
 = 0.089; df = 43; y = 1.372x 
+ 15.235; p = 0.048), (Fig. 8 - bottom).  
 One surprise here is the large biomass of fungi that inhabits the lower zone where 
the majority of N transformations take place in the floodplain, relative to the higher zone 
(Harms and Grimm 2008).  This finding is peculiar as fungi are often assumed by to play 
a subordinate role in the terrestrial N cycle, relative to specialist bacteria (Fierer et al. 
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2007).  I suggest that fungi are critically important for nutrient cycles, such as the N 
cycle, in arid floodplains, given their large biomass, ability to metabolize N products at 
each step in the N cycle, and the ability to withstand extended desiccation, relative to 
bacteria (Table 7).  
 My results demonstrate, quite strongly, that microtopographic position and 
seasonality of rainfall did not have an effect on higher food web structure and network 
complexity, as I originally proposed, nor are the food webs solely influenced by energy 
or moisture. However, flood events (stream discharge maxima) influenced soil food web 
metrics. I speculate that food web biomass and network structure are responding to the 
periodic reorganization of floodplain leaf litter inputs and deposition of organic materials 
(Fig. 9) that occur with higher maximum discharge. The weak position effect of the Dry 
2011 season may be related to the large flooding event that occurred the previous year in 
2010 (cfsmax - 6,040), (Fig. 4 - bottom panel) that scoured accumulated organic matter 
from the floodplain (Sabo, personal observation) and may have killed off much of the 
higher trophic levels of the food web (e.g., nematode biomass).  
 The stronger position effects for monsoon 2011 and Dry 2012 indicate that the 
soil food web was responding to newly deposited organic materials (from litter fall) not 
scoured by prevailing lower flows, mainly through expansion of hyphal networks 
belowground. The deposited resources, and stronger position effects, are only temporary 
and are eliminated by higher flows (monsoon 2012: cfsmax - 2,030), which is most 
detrimental to fungal biomass. Lighter flow years, such as 2011, promoted increased 
trophic richness and link density at each microtopographic position. High flows clearly 
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truncated the number of detectable nodes (trophic richness) and the density of the 
network (link density), regardless of position.  
 At face value, my results would appear to conflict with observations of strong 
microtopographical control of microbial biomass (Harms and Grimm 2008). I suggest 
that hydrology resolves this conflict.  High flows were lower in magnitude during the 
year preceding the work of Harms and Grimm (2008) than the 2010-2012 flows (i.e., max 
flow in 2002 was 679 cfs) such that microtopographic effects were magnified by the lack 
of homogenizing floods. Thus, the temporal context for hot spots and hot moments of 
floodplain nutrient turnover may be controlled by the flow regime and antecedent 
hydrology; big floods reorganize and homogenize resources, bigger floods may even 
reorganize the spatial pattern of microtopography.  
Future Directions 
 Degradation of water resources are a threat to food security, economic growth, 
human health, and the healthy function of natural ecosystems (Seckler et al. 1999). Water 
scarcity and pollution are coupled as contaminated water reduces rare surface water 
stocks in arid regions (Carpenter et al. 1998).  Given anticipated water demand for arid 
regions, it is important to quantify the connections between water cycles, nutrient 
cycling, and the soil food web.  This is especially true for arid riparian zones, where soil 
microbes and higher fauna (biodiversity) may provide a link between water quantity and 
water quality. Moreover, more work is needed to order elucidate how riparian soil food 
webs are affected by changes in precipitation and flood delivery and, in turn, how these 
effects translate to the capacity for soil flora and fauna to remove nutrients (N) from soil, 
thereby reducing eutrophication of surface waters. 
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Figures and Tables 
Figure 1 – Riparian soils are critical for processing pollutants and environmental N, C, and P 
before they contaminate water sources (Batie et al. 1993). The removal of nitrogen may be as 
high as 90% from received waters (Lance 1972). Complex inputs are stored in the soil column or 
broken down into forms that are readily available for riparian flora and fauna (Heffernan and 
Sponseller 2004).  
Figure 2 -  Location of study site within the state of Arizona (left) and locations of the two 
sampling areas in the San Pedro River floodplain (right) near Sierra Vista, AZ. The plots 
identified by a dashed square were abandoned after 2011 due to the accumulation of flood debris, 
which prevented access to area.  Samples in 2012 took place in solid square. The black scale bar 
indicates 50 m.  Image credit to Google Maps and all map data ©2012 Google, Sanborn. 
Figure 3 - Discharge (cfs) for the San Pedro River (USGS Gauge # 09471000) for each sampling 
season and year. Blue flow data indicates discharge three months prior to sampling. Red flow 
data indicates the onset of a sampling date. The bottom figure shows discharge data for water 
years October 1, 2007 through September 30, 2012. Flows over 1000 cfs are above the dashed 
black line.  
Figure 4 - Effect size (g), arranged by year and season, for the difference in microtopographic 
position. A positive effect size indicates the low position, while a negative number indicates the 
high position.  
Figure 5 - Partial η2 position effect size values for days since a 700 cfs flow for trophic richness 
(TR), total biomass (TB), and link density (LD). 
 
Figure 6 - Seasonal relationship between SOM and SM. Please note that axis values are in the 
log scale. 
Figure 7 - Relationship between soil moisture and total microbial biomass.  
Figure 8 - Relationship between soil moisture and the two groups of microbial biomass. The 
dashed line indicates the trend line for data points taken from the low microtopographic position. 
Figure 9 - Partial η2 position effect size value for days since a 700 cfs flow for soil organic matter 
(SOM). 
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 5.   
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Figure 6.  
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Figure 7.  
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Figure 8.  
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Figure 9.  
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Table 1 - Soil types included in this study, along with pH and bulk density values. Soil 
series information derived from USDA Web Soil Survey (Soil Survey Staff  2013).  
Soil Series Name Soil Taxonomy pH - 
Low 
pH - 
High 
Bulk 
Density - 
Low 
Bulk 
Density - 
High 
Brookline-
Fluvaquents-
Riverwash complex 
Sandy, mixed, 
thermic aquic 
Torrifluvent 
7.745± 
0.067 
7.501± 
0.026 
 
0.912 ± 
0.051 
0.843 ± 
0.110 
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Table 2 - Results from NLME in R.  Bolded boxes indicate a statistically significant different with listed p value. 
Variable  2011 2012 Variable  2011 20121 
 
 
Soil 
Organic 
Matter 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
 
 
Total 
Biomass 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
Position 4.50 0.048 2.58 0.122 Position 1.05 0.315 0.31 0.580 
Season 2.55 0.127 7.71 0.011 Season 0.46 0.504 16.79 0.0005 
Plot 1.42 0.245 1.11 0.302 Plot 4.14 0.054 1.22 0.281 
PositionxSeason 1.30 0.268 1.99 0.171 PositionxSeason 0.11 0.735 0.860 0.363 
 
 
Soil 
Moisture 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
 
 
Link 
Density 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
Position 5.54 0.028 13.47 0.001 Position 0.12 0.728 0.06 0.806 
Season 8.36 0.009 108.66 <0.0001 Season 1.85 0.190 1.35 0.257 
Plot 3.57 0.072 0.06 0.802 Plot 0.49 0.49 0.002 0.957 
PositionxSeason 5.82 0.026 0.56 0.459 PositionxSeason 0.52 0.477 0.36 0.554 
 
 
Trophic 
Richness 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
 
 
Total 
Nematode 
Biomass 
 F 
Value 
Pr> 
F 
F 
Value 
Pr> 
F 
Position 0.01 0.917 0.16 0.692 Position 1.22 0.281 2.05 0.166 
Season 0.34 0.564 0.20 0.651 Season 5.59 0.029 0.592 0.449 
Plot 2.00 0.172 0.21 0.648 Plot 4.14 0.053 1.20 0.285 
PositionxSeason 0.56 0.461 1.70 0.205 PositionxSeason 0.95 0.342 0.65 0.427 
 
 
1
2
2
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Table 3 - Food web metric values for sampled sites (mean with standard error) by 
microtopographic position (n = 46).  
Site 
Type 
SOM SM Trophic 
Richness 
Total 
Biomass 
Link 
Density 
Nematode 
Biomass 
Low 5.771 
±1.964  
16.231 
±0.947  
8.282 ± 
1.572 
45.436 ± 
29.635 
0.832 ± 
0.238 
0.012 ± 
0.018 
High 4.415 
±2.147  
10.677 
±5.064 
8.326 ± 
1.351 
40.462 ± 
30.328 
0.827 ± 
0.224 
0.013 ± 
0.024 
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Table 4 - Soil food web metric values for sampled sites, by season (mean with standard 
error), (Dry: n =48; monsoon: n = 44).  
Site 
Type 
SOM SM Trophic Richness Total Biomass Link Density Nematode Biomass 
Dry monsoon Dry monsoon Dry monsoon Dry monsoon Dry monsoon Dry monsoon 
Low 5.926± 
2.265 
5.601 ±  
1.608 
12.021 ± 
5.096 
20.823 ± 
5.712 
8.548 ± 
1.614 
8.091 ± 
1.540 
56.361 ± 
30.287 
33.518 ± 
24.332 
0.851 ± 
0.247 
0.813 ± 
0.232 
0.012 ± 
0.016 
0.011 ± 
0.021 
High 4.395± 
2.206 
4.437 ± 
 2.133 
8.537 ± 
4.424 
13.011 ± 
4.751 
8.125 ± 
1.423 
8.545 ± 
1.262 
44.265 ± 
30.466 
36.314 ± 
30.328 
0.804 ± 
0.227 
0.851 ± 
0.224 
0.019 ± 
0.032 
0.006 ± 
0.009 
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Table 5 - AIC modeling results showing the best fitting model of each relationship tested and model/variable weights for SOM 
and SM for two seasons (dry and monsoon). Abbreviations are for the following: SOM = soil organic matter percentage; SM = 
soil moisture percentage; TR = trophic richness; TB = total biomass; LD = link density; BAC = bacteria biomass; FUN = fungi 
biomass.  
  
2011 2012 
  
Model Weights 
Var. 
Weights Model Weights Var. Weights 
Grouping Model Tested 
y = SOM 
SM 
y = 
SOM y = SM SOM SM 
y = 
SOM 
SM 
y = 
SOM y = SM SOM SM 
Overall 
 
0.168 0.454 0.378 0.662 0.546 0.213 0.622 0.165 0.835 0.378 
Dry  TR = SOM SM 0.416 0.369 0.215 0.785 0.631 0.274 0.607 0.119 0.881 0.393 
monsoon  0.326 0.294 0.380 0.620 0.706 0.139 0.458 0.403 0.597 0.542 
Overall 
 
0.388 0.410 0.202 0.798 0.590 0.682 0.003 0.315 0.685 0.997 
Dry  TB = SOM SM 0.178 0.500 0.322 0.678 0.500 0.317 0.679 0.003 0.997 0.321 
monsoon  0.209 0.385 0.407 0.593 0.615 0.196 0.240 0.564 0.436 0.760 
Overall 
 
0.163 0.389 0.448 0.552 0.611 0.373 0.406 0.222 0.778 0.594 
Dry  
LD = SOM 
SM 0.418 0.434 0.148 0.852 0.566 0.170 0.496 0.335 0.665 0.504 
monsoon  0.428 0.222 0.350 0.650 0.778 0.159 0.391 0.450 0.550 0.609 
Overall 
 
0.224 0.258 0.518 0.482 0.742 0.157 0.441 0.402 0.598 0.559 
Dry  BAC = SOM SM 0.204 0.326 0.469 0.531 0.674 0.207 0.404 0.389 0.611 0.596 
monsoon  0.164 0.370 0.466 0.534 0.630 0.173 0.329 0.498 0.502 0.671 
Overall 
 
0.266 0.493 0.240 0.760 0.507 0.662 0.004 0.334 0.666 0.996 
Dry  FUN = SOM SM 0.178 0.501 0.321 0.679 0.499 0.221 0.509 0.270 0.730 0.491 
monsoon  0.209 0.385 0.406 0.594 0.615 0.165 0.450 0.385 0.615 0.550 
            
  
1
2
5
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Table 6 - Estimated R
2
 for each model for years 2011 and 2012.  
   
2011 
  
2012 
 
Grouping Model Tested 
y = SOM 
SM 
y = 
SOM y = SM 
y = 
SOM 
SM 
y = 
SOM y = SM 
Overall 
 
0.015 0.015 0.007 0.055 0.054 0.0003 
Dry  TR = SOM SM 0.136 0.047 0.004 0.165 0.145 0.020 
monsoon  0.11 0.009 0.026 0.009 0.008 0.007 
Overall 
 
0.053 0.033 0.002 0.256 0.025 0.197 
Dry  TB = SOM SM 0.096 0.095 0.061 0.074 0.053 0.002 
monsoon  0.044 0.001 0.007 0.067 0.059 0.049 
Overall 
 
0.036 0.028 0.034 0.041 0.029 0.005 
Dry  LD = SOM 
SM 0.159 0.085 0.0001 0.046 0.044 0.013 
monsoon  0.157 0.0002 0.045 0.016 0.0004 0.012 
Overall 
 
0.047 0.006 0.037 0.009 0.004 0.008 
Dry  BAC = SOM SM 0.048 0.0008 0.031 0.043 0.009 0.006 
monsoon  0.049 0.026 0.048 0.078 0.044 0.076 
Overall 
 
0.053 0.034 0.002 0.245 0.024 0.187 
Dry  FUN = SOM SM 0.096 0.094 0.061 0.073 0.053 0.002 
monsoon  0.045 0.001 0.007 0.064 0.058 0.046 
1
2
6
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Table 7 - Possible roles of soil fungi in mediating N transformation in desert 
riparian areas.  
Role in N Cycle Reaction Mechanism Reference 
N Mineralization Organic N → 
NH4
+ 
Decomposition of organic materials in soil Schimel and 
Bennett 2004 
Nitrification NH4
+ → N03
- Degradation of supplied N sources to nitrate or nitrite Hora and Iyengar 
1960 
Denitrification N03
- → N2 Anaerobic reduction of nitrite/nitrate to NOx or N2 Shoun et al. 1992 
Long Distance 
Transport of N 
- Hyphal networks couple vegetated and non-vegetated 
spaces 
Allen 2007 
Competitive 
Advantage 
- Higher tolerance to desiccation and ability to explore 
favorable soil microhabitats, relative to soil bacteria 
Collins et al. 
2008 
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CHAPTER 5 
ARID, URBAN SOIL FOOD WEBS ARE INFLUENCED BY LANDSCAPE CHOICE 
Abstract 
 My research helps resolve the “black box” approach that typically characterizes 
arid, urban biogeochemistry studies and thus provides one of the first descriptions of food 
web structure in a variety of landscapes. Ecologists have traditionally portrayed the 
inhabitants of soil as a single black box labeled “decomposers" and have otherwise 
ignored higher trophic levels and network dynamics within the decomposer compartment. 
To ameliorate this, I quantified total food web biomass, functional trophic group richness, 
and link density and explored how these changed seasonally in response to rainfall.  More 
importantly, I examined how these food web properties changed across a gradient of 
urban landscape management practices in Phoenix, AZ. This gradient included sites that 
have inputs of water and/or pellet fertilizers or are reliant on ambient resource inputs. The 
sites in my study included a turfgrass lawn, xeriscape with drought tolerant plants, native 
desert, and native desert amended with nitrogen fertilizer to simulate urban N deposition. 
  Soil moisture increased significantly over the growing season (transition between 
dry season and monsoon) in all landscape types. Total food web biomass mirrored 
changes in rainfall driven increases in soil moisture over the growing season. There was a 
significant interaction between season and landscape type on functional group richness 
reflecting differential effects of increasing soil moisture on this food web metric among 
landscape practices. Link density did not change seasonally but was affected by urban 
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landscape practices.  Using model reconstructed food webs, I show that the mesic lawn 
soil food web had the highest maximum functional group richness, with all measured 
groups accounted for during the monsoon season. Finally, I found strong correlations 
between basal resources (soil moisture and SOM) and many food web metrics. For 
example, both total food web biomass and functional group richness show a linear 
increase with soil moisture in both the dry and monsoon seasons, respectively. However, 
AIC modeling suggests that food web metrics are best explained by both SOM and SM 
(link density and bacteria biomass), or SM alone (trophic richness, total biomass, and 
fungi biomass). These data corroborate previous findings that landscape choice alters 
belowground microbial populations with pronounced effects of urbanization on higher 
trophic levels belowground.  
Introduction 
 Arid ecosystems are experiencing high rates of land-use change associated with 
urban development, including extensive alteration of the soil environment (Warren et al. 
1996; Pavao‐Zuckerman 2008). For example, turf grass lawns are now the largest 
irrigated crop in the USA and are popular for residential and commercial properties and 
large municipal parks in a variety of climates (Milesi
 
et al. 2005). Turfgrass systems 
require large inputs of fertilizer and water, which are often imported over long distances 
and across watersheds in the Western U.S. (Milesi
 
et al. 2005; Sabo et al. 2010). Water 
saving landscape designs have also increased in popularity, as consumers choose 
landscape types that are drought tolerant (e.g., xeriscape; Martin 2008). However, 
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landscape choices are often made for their aboveground aesthetics and without regard for 
alterations of belowground flora and fauna or ecosystem processes.  
  Soil food webs process between 80-90% of the net primary productivity in 
terrestrial ecosystems (Santos and Whitford 1981) and return essential nutrients (N & P) 
to the soil that, in turn, support ecosystem net primary production (Chapin et al. 2002) 
and biogeochemical cycles (Austin 2004). Soil microbes (bacteria and fungi) are the 
primary decomposers of detritus (e.g., leaf litter, carcasses, and dead roots) and serve as 
the base of the detrital food web (Moore et al. 2004). Microbes are grazed upon by 
intermediate consumers such as protozoa, nematodes, Collembolans, and orbatid Acari 
(Hunt et al. 1987). Finally, apex carnivores include predaceous nematodes and mites 
(Moore et al. 1988). There are many trophic interactions among soil biota including the 
grazing, predation, omnivory, and direct consumption of soil organic matter (Coleman et 
al. 2004).  At each point of interaction, materials (energy and nutrients) are exchanged 
via consumption, assimilation into biomass, and excretion to the environment (Adl 2003). 
 My research, presented here, resolves “black box” approach to understanding the 
links between land use, belowground food webs, and biogeochemical cycling in a 
heretofore understudied ecosystem--urban soils of arid lands. A "black box" is used due 
to the recondite nature of belowground flora and fauna and differences in academic 
training (Sugden et al. 2004; Coleman 2008). Urban systems further complicate my 
understanding of biogeochemical cycles by transforming ecosystems into a patchwork of 
contrasting residential and commercial landscape types (Martin 2008).   
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 Hall et al. (2009; 2011) showed that urban landscape choice modifies the soil 
microbial community structure, distribution, function, and biogeochemical pathways in 
Phoenix, AZ. Furthermore, land use alters soil nematode communities along a rural-urban 
gradient in North Carolina (Pavao-Zuckerman and Coleman 2007). Specifically, urban 
soils tend to have lower abundances of higher nematode trophic groups (e.g., predators) 
and have less fungal feeders relative to soils from rural areas (Pavao-Zuckerman and 
Coleman 2007).  In this study, I expand on the work of Hall et al. (2009) by including 
descriptions of the soil food web, total food web biomass, functional group richness, and 
network link density as a function of landscape management decisions in an arid, urban 
setting.  
 Previous work has show that increasing soil organic matter (SOM) and net 
primary productivity (NPP) inputs can have a positive impact on belowground food web 
structure (e.g., higher biomass and increased trophic richness) in low productivity 
systems such as shortgrass steppe (Hunt et al. 1987; Quirk 2006) and Arctic tundra 
(Doles 2000). One key difference between soils in these ecosystems and in desert systems 
is chronic water limitation (Noy-Mier 1973). Water availability, expressed here as soil 
moisture (SM), should regulate food web structure more strongly in the desert (sensu 
McCluney and Sabo 2009), but this influence may be offset by irrigation of mesic 
landscape types. Aside from increased water inputs, mesic systems are also fertilized, 
which stimulates root and shoot production, leading to an increase in localized NPP in 
lawn systems, relative to native ecosystems in the region.  
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Given these observations, I make the following hypotheses and predictions: 
 O1: SM and SOM vary across landscape types (from high to low - Mesic, 
Xeriscape, Native = Native +N) and between the dry season and monsoon. 
 H1:  Urban landscapes with either high SOM or SM will have higher soil food 
web trophic richness, total biomass, and link density because soil communities are 
limited by both energy and water.  
P1: Mesic lawns will have higher soil food web trophic richness, total biomass, 
and link density; unfertilized desert sites will have the lowest measures of these food web 
metrics. 
 O2: Xeriscape style yards are often converted from lawns or agriculture fields 
(Martin 2008). As such, xeriscape yards are low water users but often have high amounts 
of soil organic matter and nutrient pools due to their previous use, which can influence 
belowground productivity and trophic structure.  
 P2:  Xeriscape systems should represent the midpoint with respect to food web 
total biomass, functional group richness, and link density between grass lawns and native 
desert soil systems.  
 O3: Soil moisture increases, at all sites, upon the arrival on monsoon rains.  
 H2: Seasonal increases in soil moisture (associated with monsoon rain) will lead 
to an increase in trophic functional group richness, total biomass, and link density across 
all landscape types because arid urban soil food webs are limited more strongly by water 
availability than soil organic matter (sensu Noy-Meir 1973 and Noy-Meir 1974). 
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 P3: The native desert (e.g., most water limited) landscape types in this study will 
show the highest proportional seasonal response, in terms of functional group richness, 
total biomass, and link density, relative to the xeriscape and mesic sites.   
 P4: The N fertilized site, relative to the native desert control, will have higher 
richness, biomass, and link density due indirect effects of enrichment such as higher N 
mineralization and microbial activity by N-limited microorganisms. 
 H3 - Soil resources (SOM and SM) will differ in their overall influence, as 
measured by AIC, on soil food web metrics because of seasonal variation in water 
availability. 
 P5:  SM will best fit food web metrics during the dry season because of 
widespread water limitation. SOM will best fit the data during the monsoon season due to 
the alleviation of water stress during the monsoon season. 
Methods 
Site Description and Core Sampling Methods 
 Soils were collected using a soil coring device with a volume of 425 cm
3 
and 
depth of 10 cm. Cores were placed in resealable plastic bags and kept cool during 
transport back to the lab. Upon arrival, I hand sieved all samples for biotic extractions 
and characterization of physical variables. I derived biotic and abiotic variables from six 
soil cores collected at each landscape type: mesic grass lawn, xeriscape, native desert 
(control), and native desert amended with nitrogen fertilizer during the dry season (late 
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June/early July) and monsoon season (September). Protozoa numbers were derived from 
three samples, taken at each site, during June 2012 and September 2012.  
 I chose my study sites to be consistent with previous and ongoing research efforts 
associated with the Central Arizona Phoenix - Long Term Ecological Research project 
(CAP-LTER), (Fig. 1). Please see Martin et al. (2008) for a detailed description of the 
mesic lawn and xeriscape sites. Furthermore, refer to Hall et al. (2009) for a detailed 
description of the native desert and N amended desert sites. The N amended desert sites 
were chosen to provide a comparison between native desert sites with and without 
expected urban N deposition.  
Soil Flora and Fauna Enumeration   
 Nematodes were extracted using the Baermann funnel water technique (Hall 
1996; Yeats 1999). 20 g samples were extracted over a 72-hour period with de-
chlorinated water. Nematodes were classified into five functional groups (bacteriovores, 
fungivores, predators, omnivores, and plant feeders), following feeding preference (sensu 
Pavao-Zuckerman and Coleman 2008), and are expressed as biomass (g C m
-2
), following 
Quirk_(2006). 
 Ciliates, flagellates and amoeba abundances were quantified using serial dilutions 
of soil samples and then applying the most probable number method. Total ciliate, 
flagellate, and amoebae total estimates were then converted to biomass values and are 
reported here (Quirk 2006). 
135 
 
 I measured microarthropod biomass using the Tullgren funnel technique (Hall 
1996). Soil samples (200 g) were set on top of wire mesh inside a funnel, surrounded by 
foil, and placed under a heat source. Samples were extracted over 5 days into vials of 
70% alcohol. Microarthropods are identified to functional group (mite predators, 
nematode predators, fungal feeding Cryptostigmata, fungal feeding Uropodids, 
Collembola) and are expressed as biomass (g C m
-2
), following Quirk (2006). 
 Fungi and bacteria biomasses were measured following Frey et al. (1999). 5 g of 
soil were added to 45 ml of de-ionized water for a 10:1 dilution, in a sterilized Waring 
blender. The 5 g soil samples were then blended for one minute. A 1 ml aliquot was 
extracted from the blender and added to 9 ml of sterile de-ionized water in a test-tube 
mixed. Using a pipette, five 10ml samples were transferred to 10-well (6mm) microscope 
slides and fluorescent stains were added (DTAF - bacteria and Calcoflour - fungi). For 
each soil sample, two separate slides were prepared for fungi and bacteria.  
 Hyphal lengths and bacteria were counted using a Letiz Laborlux S mercury bulb 
compound microscope at 400-1000x total magnification with filters adjusted for UV 
illumination. Equations for estimating total lengths of hyphae were adapted from Bloem 
et al. (1995). Bacteria and fungi are expressed as biomass (g C m
-2
), following Quirk 
(2006). 
 I estimated percent soil moisture for each soil core. A 5 g sample was weighed 
and placed into a 55ºC drying oven for 5 days. Water content was calculated as the mass 
loss between the initial weight and the dry weight (ASTM 2000). 
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 Soil organic matter content was quantified using the loss-on-ignition method 
(ASTM 2000). I placed a dry 10 g portion of each soil core in a 500ºC muffle furnace for 
2 hours and reweighed the sample. Organic matter in the soil sample was calculated as 
the difference between the initial 10 g and the final weight after ignition.  
 Soil pH was assessed for each habitat (n=12 cores per landscape type) using the 
slurry method in June 2013 and September 2013 (Brady and Weil 1997). I placed a 
Milwaukee MW101 PH Meter in a 2:1 ratio of deionized water and soil, to improve 
fluidity.  
 I estimated soil bulk density for each habitat type in the summer of 2011 using 
method described in Brady and Weil (1997). Soil cores were collected from each habitat 
(n=3 for each habitat type) of a known volume, weighed, and allowed to air dry at 40°C 
in a green house for one week. Soil were then reweighed and expressed as dry weight 
(g)/m
3
.  
Food Web Metrics 
 Average food web biomass (g C m
-2
) was determined by calculating the biomass 
of 15 trophic groups in each soil core and taking the mean of the sum at each landscape 
type, for each season. Average trophic group richness (S) was determined by counting the 
presence/absence of 15 trophic groups in each soil core and taking the mean at each 
landscape type for each season. Food web depictions were constructed from the 
maximum number of functional groups found at each landscape type during the dry and 
monsoon seasons in 2011 and 2012 using interactions from Hunt et al. (1987) and Quirk 
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(2006).  I used link density (Z = links/node) as a measure of food web network 
complexity (Montoya et al. 2006). Specifically, I used the R Package - Foodweb 
(Perdomo 2012) to generate link density means, on a core by core basis, for each habitat 
type, using presence/absence data of extracted trophic groups (see above) and generating 
a network map based on feeding interactions in Hunt et al. (1987).  
Statistical Analysis 
 I analyzed the data using analysis of variance (ANOVA - SAS Institute) with land 
use type (site), year and season as independent variables and soil moisture, SOM, 
functional group richness, total food web biomass, and link density as dependent 
variables in a fully crossed design.  Here I tested H1 using the main effects of land use 
type (site) and H2 using the main effects of season and the site*season interaction. I 
tested the correlation between resource base and food web metrics using Pearson's r by 
season (dry vs. monsoon) and overall. I also used Hedge's g to estimate the magnitude of 
seasonal change at each site (Hedge 1981). Effect size was calculated using the 
following:   
   
  
 
   
 
  
 
 where 1 refers to the mean of dry season measurement and 2 refers to the mean 
of monsoon measurement.  Pooled standard deviation (s*) was calculated using the 
following: 
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 AIC model selection tests were performed using PROC REG (SAS Institute) to 
help determine how soil resources (SOM and SM) influence food web properties (H3). 
Model and variable weights were calculated following Burnham and Anderson (2002). I 
transformed data to 1n(x+1) to fulfill normality assumptions. Statistical significance is 
indicated when (p < 0.05).  Regressions were performed in Microsoft Excel 2007.  
Results 
Major findings 
 I found that land-use type had a significant impact on soil properties and soil food 
web structure and that these metrics change across the growing season (Table 1). Below I 
first review the results for soil pH and resource base (soil organic matter and soil 
moisture) and then organismal response (total food web biomass, functional group 
richness, and link density) as a function of land use type. I then discuss seasonal 
differences in the response of the resource base and food web metrics to monsoon rain. 
Soil pH 
 Soil pH was significantly different among land use types (F = 7.50; df = 3; p = 
0.0004), (Table 2 and Table 3). However, pH was not significantly different by season 
(F = 0.01; df = 1; p = 0.906) or in the interaction (season*site), (F = 0.94; df = 3; 
p=0.427). 
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Soil Resource Base  
 Soil organic matter (SOM) differed across the board, between land use types (F = 
39.49; df = 3; p< 0.0001 years (F = 17.97; df = 1; p<0.0001), (Table 2 and Table 3).  
and seasons (F = 21.12; df = 1; p< 0.0001) and seasonal changes in SOM are 
significantly different among land use types (season*site type interaction, (F = 3.83; df = 
3; p = 0.012)).  Overall, the mesic site has the highest SOM followed by the xeric site—
suggesting that the buried turf in the xeric site provided a legacy SOM pool for this 
otherwise dry site, with respect to water input.  Finally, desert sites differed but only in 
the dry season—with desert site having higher SOM in the dry season (p = 0.0009), 
(Table 4).   
 Soil moisture (SM) also differed among land use types (F = 249.48; df = 3; p< 
0.0001) and seasons (F = 45.65; df = 1; p< 0.0001),(Table 2 and Table 3). General 
differences followed trends in the organic matter pool at each site —mesic sites had 
higher soil moisture regardless of season (p < 0.001), followed by xeric (p < 0.001) and 
desert and desert + sites.  Moreover, there was a significant seasonal increase (dry  
monsoon) in all land use types 0.001.  Finally, in contrast to the organic matter pools, 
seasonal changes in soil moisture were not significantly different among land use types 
(season * land use type interaction: (df = 3; F = 0.68; p = 0.565) nor by year (df = 1; F = 
1.28; p = 0.262), (Table 4).     
Organismal response  
 Food web composition and structure differed qualitatively and quantitatively in 
terms of biomass, richness and link density. Seasonal differences (dry season → monsoon 
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season) in four landscape types are shown (mesic lawn, xeriscape, native desert, and 
desert amended with nitrogen fertilizer (desert +). The mesic lawn soil food web 
(Appendix - Fig. 1) had the highest maximum functional group richness (15), with all 
measured groups accounted for during the monsoon season. Furthermore, the mesic lawn 
had a full microbial loop in both seasons (Coleman 1994; Brechbiel 2013). Fungi feeding 
Collembola were not detected during the dry season in the mesic lawn samples. 
  The xeriscape soil food web (Appendix - Fig. 2) had a maximum functional 
group richness of nine. Furthermore, predatory mites were only detected during the 
monsoon season and cryptostigmatid fungal feeding mites were detected only during the 
dry season. Interestingly, root-feeding nematodes were not found in my sampling efforts, 
indicating a diminished root/soil fauna subsystem. 
  The native desert soil food web (Appendix - Fig. 3) had a maximum functional 
group richness of nine. Furthermore, cryptostigmatid mites were only detected during the 
monsoon season and ciliate protozoa were detected only during the dry season. 
Interestingly, top predators, linking the root, fungal, and bacteria subsystems, were not 
found in my sampling efforts.  The N amended native desert soil food web (Appendix - 
Fig. 4) had a maximum functional group richness of ten. Furthermore, the top predator of 
this food web changed during the dry season (nematophagous mites) to the monsoon 
season (predatory nematodes).  
 In addition to clear qualitative differences among food webs in space and time, I 
measured significant differences in several key quantitative food web traits and spatial 
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and temporal variation in many of these quantitative traits of soil food webs mirror 
patterns of soil moisture rather than organic matter.   
Total biomass—Biomass was significantly different among land use types (F = 23.70; df 
= 3; p<0.0001), (Table 3). and changed significantly between the dry season and 
monsoon (F = 46.20; df = 1; p<0.0001). However, these seasonal changes were not 
significantly different among sites (season*site), (F = 0.98; df = 3; p = 0.406).  There 
were also no annual differences among food webs in total biomass (F = 3.71; df = 3; p = 
0.057), (Table 5a).   
Trophic richness—Richness was significantly different by site (F = 153.44; df = 3;  
p<0.0001), (Table 3), but not time.  Neither the seasonal (F = 0.41; df = 1; p = 0.522) or 
year (F = 0.07; df = 1;  p = 0.796) main effects, nor the season*site interaction (F = 0.47; 
df = 3;  p = 0.706), were statistically significant, (Table 5b).   
Link Density—Link density was significantly different by site (F = 213.60; df = 3; 
p<0.0001), (Table 3), but not time, (Table 2 and Table 3).  Neither the seasonal (F = 
0.08; df = 1; p = 0.777) or year (F = 0.01; df = 1; p = 0.925) main effects, nor the 
season*site interaction (F = 0.59; df = 3; p = 0.621), were statistically significant, (Table 
5c).   
 Drivers of Food Web Structure  
 I preformed a Pearson's Correlation test in order to assess the influence of 
resource base on food web metrics. In this analysis, I correlated SOM or SM with total 
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food web biomass, trophic richness and link density. Furthermore, I separated my 
analyses into seasons (Dry and monsoon) and tested them combined (Overall). 
  Overall, total food web biomass, trophic richness, and link density correlated the 
highest with soil moisture (r = 0.73; r = 0.79; r = 0.81, respectively), relative to soil 
organic matter (r = 0.53; r = 0.58; r = 0.62, respectively). Furthermore, a seasonal 
increase in soil moisture has a strong influence on food web metrics. Total food web 
biomass (r = 0.60 and r = 0.84), functional group richness (r = 0.78 and r
 
= 0.82), and link 
density (r = 0.77 and r = 0.86) show a linear increase with soil moisture in both the dry 
and monsoon seasons, respectively.  Soil organic matter does not have the same seasonal 
influence on food web metrics. Total food web biomass (r = 0.53 and r = 0.66), 
functional group richness (r = 0.58 and r
 
= 0.70), and link density (r = 0.62 and r = 0.74) 
have a lower correlation with soil organic matter in both the dry and monsoon seasons, 
respectively, (Table 6). Biomass responses, for all trophic groups measured, are reported 
in (Table 1a and 1b - Appendix).  
  I used Hedge's (g) to assess the magnitude of seasonal change (dry → monsoon) 
for both soil resources and food web responses (Fig. 2). Effect sizes for soil resources 
were significantly biased towards the monsoon season, with the exception of Mesic - 
SOM. Furthermore, the value of the Mesic effect sizes were lower relative to the xeric, 
desert, and desert+ sites. Food web responses effect size directions varied. Total biomass 
was significantly biased towards the monsoon season at all sites. Trophic richness and 
link density effect sizes were significant in the monsoon season only for the Mesic site.  
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The remaining effect sizes were not significant with the exception of trophic richness in 
the desert site and link density in the xeric site. Both were positive indicating a bias 
towards the dry season.   
 AIC weights suggest that the linear model with the best support in explaining soil 
food web metrics, including soil microbial biomass response, was one with both SOM 
and SM, with the exception of trophic richness during the dry season (Table 7). 
Regression of SOM and SM suggest there is some degree of covariation during the dry 
season and it was higher during the monsoon season (Fig. 3). AIC model variable 
weights varied, between seasons, for all measured response variables for dominant 
influence of either SOM or SM (Fig. 4). SM has nearly equal influence, in both seasons, 
for trophic richness, link density, and bacteria biomass. SOM decreased in influence, 
from the dry season to monsoon, for trophic richness, total biomass, link density, and 
fungi biomass.  
Discussion 
 The traditional approach to understanding the organismal role in nutrient and 
carbon cycles in terrestrial ecosystems is to ignore detail and complexity of the soil fauna 
and flora (Moore et al. 1996; Huhta 2007).  Here I show with exquisite detail that soil 
food webs vary in space and time in arid land urban soils and that this variation is driven 
primarily by water (Noy-Meir 1973 & 1974) rather than energy (Elton 1927). 
 My results show that mesic lawns have higher total biomass, total richness, and 
link density relative to the drier sites tested in this study, regardless of season, which 
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supports my H1. My results are corroborated by Pavao‐Zuckerman and Coleman (2007) 
and Hall et al. (2009), which show significant differences in nematode functional groups 
(Pavao‐Zuckerman and Coleman 2007) and microbial community (Hall et al. 2009) along 
an environmental gradient of urban development. Furthermore, total food web biomass 
increased significantly, at all sites, with the arrival of monsoon rains, which supports my 
H2. However, trophic richness and link density did not increase significantly, despite a 
measureable seasonal increase in belowground resources.  
  When I tested the correlation of my food web metrics against soil organic matter 
and soil moisture, I found that my metrics correlated higher with soil moisture, relative to 
soil organic matter. However, AIC modeling suggests that food web metrics are best 
explained by both SOM and SM (link density and bacteria biomass), or SM alone 
(trophic richness, total biomass, and fungi biomass). However, I did not see a clear 
seasonal shift from SM, during the dry season, and SOM during the monsoon season. 
Thus I cannot support H3. I hypothesize that these differences in structure—driven by 
water—have ramifications for N- and C-cycling in desert food webs. 
Connections to Ecological Theory  
 A common theme in arid research is that primary and secondary production is 
limited first by water, not energy (Noy-Meir 1973 & 1974). This idea challenges the 
energy/nutrient limitation paradigms that have been used to explain food web structure in 
mesic terrestrial environments (Elton 1927; Lindeman 1942; Oksanen 1981; Vitousek 
2004). Recent research, including this study, demonstrates that many higher-level species 
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interactions and trophic structure in arid food webs are driven by primarily by water 
resources, as determined by regression analyses (Sabo et al. 2008, McCluney and Sabo 
2009; Allen et al. 2013), providing support for Noy-Meir’s hypothesis.   
 This relationship counters the arguments made by Elton (1927) and Oksanen 
(1981) that food web structure and biomass should increase linearly with production 
(NPP), (Chapin et al. 2002). AIC modeling suggests that SOM and SM may be colimiting 
factors in arid regions. Further research is needed in order to clarify the thresholds of soil 
moisture and organic matter states that lead to an increase or decrease in food web 
network complexity (Moore et al. 2003) and to link soil food web structure with soil 
processes such as decomposition and biogeochemical cycling of C and N (Hunt et al. 
1987). 
 Future concerns regarding urban N deposition and soil food web structure also 
deserve further thought. When one compares native desert and native desert (+) sites, a 
slight fertilization effect is detected. For example, the desert (+) site has higher total 
biomass and lower average richness than the control counterpart does, although these 
values are not significantly different. Furthermore, the desert (+) site has an apex predator 
in the soil food web compared to the native desert control.  
Study Caveats 
 This study is, to the author's knowledge, the first to describe seasonal change in 
soil food webs across an urban, arid metroplex. Future work will include replicating 
landscape types in different areas of the Phoenix metro region. This will allow us to 
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quantify general trends in a similar landscape type (e.g., mesic lawn, xeriscape) in yards 
that have been under varying degrees of management including cultivation date, rate of 
fertilizer application, and plant material choice. Furthermore, mycorrhizal relationships 
between roots and fungi also deserve further consideration due to their potential to 
redistribute resources throughout the soil profile and observed tolerance to desiccation 
(Allen 2007; Collins et al. 2008).   
Summary 
 In this study, I help elucidate the arid, urban black box by providing both 
qualitative and quantitative descriptions of belowground food webs in four landscape 
types across two seasons. This work contributes to my understanding of urban 
biogeochemistry by detailing the constituents of the black box, including higher trophic 
levels of the soil food web, which are responsible for the regulation of plant available 
nutrients and turnover and can also influence aboveground plant productivity (Wardle et 
al. 1999).  
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Figures and Tables 
Figure 1 - Site locations in the Phoenix metro area as indicated by white stars (upper left).  
Desert and Desert + samples were collected from the South Mountain Municipal Park 
(bottom left) and the Mesic and Xeric samples were collected from the North Desert 
Village experimental landscapes (right). Image credit to Google Maps and all map data 
©2012 Google, Sanborn.  
Figure 2 - Hedge's g effect sizes for soil resources (SOM and SM) and food web response 
(TB = total biomass; TR = trophic richness; LD = Link Density). Negative effect sizes 
indicate an increase of a metric during the monsoon season relative to the dry season. 
Effect sizes are significant when the confidence interval does not cross zero.  
 
Figure 3 - Seasonal relationship between SOM and SM. Please note that axis values are 
in the log scale. 
Figure 4 - AIC model and variable weights for SOM and SM for two seasons (dry and 
monsoon). Abbreviations refer to the following:  TR = trophic richness; TB = total 
biomass; LD = link density; BAC = bacteria biomass; FUN = fungi biomass 
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Figure 4.  
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Table 1 - Model results from PROC GLM test in SAS. 
Variable Model Pr > F (df =8) Model Mean Square Model F Value 
Soil Organic Matter <0.0001 1.354 21.01 
Soil Moisture <0.0001 9.586 99.68 
Trophic Richness <0.0001 1.322 57.78 
Total Biomass <0.0001 15.069 15.49 
Link Density <0.0001 0.548 80.33 
Nematode Biomass <0.0001 0.004 17.58 
Shannon's Index <0.0001 0.385 6.95 
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Table 2 -  Mean (± one standard error, SE) for resource and food web metrics for 
each site in this study. Letters indicate significant differences between sites.  
 
 
 
 
pH 
Soil 
organic 
Matter 
Soil 
Moisture 
Total 
Food Web 
Biomass 
Trophic 
Richness 
Link 
Density 
Mesic 
6.658 ± 
0.103
a
 
6.108 ± 
0.341
a
 
12.269 ± 
0.771
a
 
99.922 ± 
12.832
a
 
11.750 ± 
0.173
a
 
1.267 ± 
0.043
a
 
Xeric 
6.784 ± 
0.094
a
 
3.539 ± 
0.296
b
 
3.735 ± 
0.321
b
 
14.292 ± 
3.357
b
 
4.345 ± 
0.157
d
 
0.338 ± 
0.012
c
 
Desert  
6.899 ± 
0.078
a
 
2.509 ± 
0.147
c
 
0.736 ± 
0.138
c
 
21.306 ± 
4.115
b
 
6.000 ± 
0.262
b
 
0.441 ± 
0.026
b
 
Desert + 
6.247
  ± 
0.128
b
 
2.757 ± 
0.286 
b,c
 
0.498 ± 
0.088
c
 
20.109 ± 
4.479
b
 
5.292 ± 
0.251
c
 
0.390 ± 
0.030
b,c
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Table 3 - Pairwise difference tables for Site comparisons. Sites are significantly 
different when (P < 0.05).  
  
pH 
  
 
Mesic Xeric Desert Desert + 
Mesic 
 
0.406 0.118 0.007 
Xeric 0.406 
 
0.453 0.0007 
Desert 0.118 0.453 
 
<0.0001 
Desert + 0.007 0.0007 <0.0001 
 
     
  
SOM 
  
 
Mesic Xeric Desert Desert + 
Mesic 
 
<0.0001 <0.0001 <0.0001 
Xeric <0.0001 
 
0.001 0.002 
Desert <0.0001 0.001 
 
0.839 
Desert + <0.0001 0.002 0.839 
   
    
  
SM 
  
 
Mesic Xeric Desert Desert + 
Mesic 
 
<0.0001 <0.0001 <0.0001 
Xeric <0.0001 
 
<0.0001 <0.0001 
Desert <0.0001 <0.0001 
 
0.173 
Desert + <0.0001 <0.0001 0.173 
 
     
 
Trophic Richness 
 
Mesic Xeric Desert Desert + 
Mesic 
 
<0.0001 <0.0001 <0.0001 
Xeric <0.0001 
 
<0.0001 0.0008 
Desert <0.0001 <0.0001 
 
0.016 
Desert + <0.0001 0.0008 0.016 
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Total Biomass 
 
Mesic Xeric Desert Desert + 
Mesic 
 
<0.0001 <0.0001 <0.0001 
Xeric <0.0001 
 
0.135 0.127 
Desert <0.0001 0.135 
 
0.973 
Desert + <0.0001 0.127 0.973 
 
     
 
Link Density 
 
Mesic Xeric Desert Desert + 
Mesic 
 
<0.0001 <0.0001 <0.0001 
Xeric <0.0001 
 
0.003 0.149 
Desert <0.0001 0.003 
 
0.124 
Desert + <0.0001 0.149 0.124 
  
 
157 
 
Table 4 - Mean (± one standard error, SE) SOM (left) and SM (right) for each site for the dry and monsoon season. 
Letters indicate significant differences between sites within each season and an asterisk indicates seasonal differences 
within each site. 
 
Soil Organic Matter Soil Moisture 
 
Dry ± SE monsoon ± SE Dry ± SE monsoon ± SE 
Mesic 5.902
a
 0.801 6.301
a
 2.258 10.795
*
 4.129 13.742
*
 2.831 
Xeric 2.937
*,b
 0.701 4.139
*,b
 1.764 2.252
*
 0.741 4.946
*
 1.197 
Desert  2.224
c
 0.917 2.773
c
 0.311 0.281
*
 0.228 1.192
*
 0.674 
Desert + 1.939
*,c
 1.166 3.573
*,b,c
 1.131 0.232
*
 0.214 0.763
*
 0.432 
  
1
5
7
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Table 5a - Mean (± one standard error, SE) total soil food web biomass (g C m
-2
) for each site for the dry and monsoon 
season. An asterisk indicates seasonal differences within each site.  
 
Dry ± SE monsoon ± SE 
Mesic 60.368
* 14.752 140.942* 13.051 
Xeric 7.453
* 3.292 14.390* 3.756 
Desert  7.571
* 3.212 25.670* 4.210 
Desert + 5.912
* 1.696 31.422* 6.250 
 
Table 5b - Mean (± one standard error, SE) soil food web functional group richness for each site for the dry and 
monsoon season.  
 
Dry ± SE monsoon ± SE 
Mesic 11.583 0.149 11.917 0.313 
Xeric 4.417 0.260 4.333 0.188 
Desert  5.583 0.417 5.750 0.392 
Desert + 5.333 0.355 5.250 0.373 
 
Table 5c - Mean (± one standard error, SE) link density for each site for the dry and monsoon season.  
 
Dry ± SE monsoon ± SE 
Mesic 1.223 0.181 1.311 0.234 
Xeric 0.346 0.061 0.329 0.055 
Desert  0.456 0.151 0.425 0.102 
Desert + 0.382 0.159 0.399 0.136 
 
 
1
5
8
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Table 6 - Pearson Correlation Coefficient (r) comparing resource bases (SOM and 
SM) and food web metrics (Total Biomass, Trophic Richness, and Link Density). 
Overall comparisons do not separate out values by season, as indicated by the Dry 
and monsoon season data.  
 
Overall 
SOM 
Dry 
SOM 
monsoon 
SOM 
Overall 
SM 
Dry 
SM 
monsoon 
SM 
Total 
Biomass 0.53 0.66 0.41 0.73 0.6 0.84 
Trophic 
Richness 0.58 0.7 0.51 0.79 0.78 0.82 
Link 
Density 0.62 0.74 0.55 0.81 0.77 0.86 
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Table 7 - AIC modeling results showing the best fitting model of each relationship 
tested. Abbreviations are for the following: SOM = soil organic matter percentage; 
SM = soil moisture percentage; TR = trophic richness; TB = total biomass; LD = 
link density; BAC = bacteria biomass; FUN = fungi biomass.  
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 96  
TR = SOM 
SM 
TR = SOM SM 0.863 198.048 
Dry  48 TR = SOM 0.879 93.004 
monsoon  48 TR = SOM SM 0.889 89.835 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 96  
TB = SOM 
SM 
TB = SOM SM 0.716 676.861 
Dry  48 TB = SOM SM 0.557 318.548 
monsoon  48 TB = SOM SM 0.836 335.134 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 96  
LD = SOM 
SM 
LD = SOM SM 0.869 -252.866 
Dry  48 LD = SOM SM 0.869 -127.943 
monsoon  48 LD = SOM SM 0.901 -136.845 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 96  
BAC = SOM 
SM 
BAC = SOM SM 0.863 -164.496 
Dry  48 BAC = SOM SM 0.881 -90.596 
monsoon  48 BAC = SOM SM 0.857 -74.899 
Grouping N Model Tested Top Model Adjusted R-
Squared 
AIC 
Overall 96  
FUN = SOM 
SM 
FUN = SOM SM 0.705 676.858 
Dry  48 FUN = SOM SM 0.535 318.189 
monsoon  48 FUN = SOM SM 0.831 334.861 
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Chapter 2 
Table 1 - Detailed site description for study areas. Drainage and annual flow 
permanence Data courtesy Erika L. Gallo.   
Site Name Stream setting and 
geomorphology 
Land 
owner/manager 
Elevation 
(m) 
Drainage 
area (km
2
) 
% Annual flow 
permanence for 
2011 
Garden 
Canyon 
(UC) 
Upper canyon; 
incised alluvium 
Fort Huachuca 
(DOD) 
1587 23.1 76 
Huachuca 
Canyon 
(UC) 
Upper canyon; 
incised alluvium 
Fort Huachuca 
(DOD) 
1654 15.2 29 
Ramsey 
Canyon 
(UC) 
Upper canyon; 
incised alluvium 
TNC 1734 9.8 82 
Garden 
Canyon 
(LC) 
Lower canyon; 
incised alluvium 
Fort Huachuca 
(DOD) 
1542 29.5 17 
Huachuca 
Canyon 
(LC) 
Lower canyon; 
incised alluvium 
Fort Huachuca 
(DOD) 
1596 17.1 37 
Ramsey 
Canyon 
(LC) 
Lower canyon; 
incised alluvium 
TNC 1579 13.2 9 
Garden 
Canyon 
(Ephem.) 
Piedmont Fort Huachuca 
(DOD) 
1502 0.47 7 
Huachuca 
Canyon 
(Ephem.) 
Piedmont Fort Huachuca 
(DOD) 
1458 1.3 6 
Ramsey 
Canyon 
(Ephem) 
Piedmont USFS 1537 0.3 13 
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Table 2 - Average values for elevation, drainage area, and flow permanence for each 
flow position and canyon type. Flow permanence data is for 2011 only. Data from 
Erika L. Gallo.  
Flow Type Elevation (m) Drainage Area (km
2
) % Flow Permanence 
UC 1658.33 16.03 62.33 
LC 1572.33 19.93 21.00 
Ephem. 1499.00 0.69 8.67 
Canyon Elevation (m) Drainage Area (km2) % Flow Permanence 
GC 1543.67 17.69 33.33 
HC 1569.33 11.20 24.00 
RC 1558.00 6.75 11.00 
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Table 3 - Average biomasses (g C m
-2
) of all trophic groups measured for the dry season. 
 
Microbes Protozoa Nematodes Microarthropods Misc.  
 bacteria  fungi  flagellates  amoebae  ciliates 
 Bac. 
Feeder 
 Fungi 
Feeder 
 Plant 
Feeder 
  
Omnivore 
  
Predator 
Predatory 
Mites  
Nematophagous 
Mites  Collembola Cryptostigs 
Non-
Cryptostigs  Tards 
 (UC R) 0.817 127.459 3.7E-03 8.6E-01 1.1E-03 8.4E-04 4.0E-04 1.2E-03 4.5E-03 5.4E-04 4.9E-04 8.6E-05 3.1E-05 1.5E-03 0.0E+00 0.0E+00 
 (UC FT) 0.650 107.113 9.8E-04 1.1E-01 5.2E-04 3.8E-03 7.6E-04 1.7E-03 1.2E-02 1.2E-03 1.1E-03 3.4E-05 3.1E-05 2.5E-03 0.0E+00 7.5E-05 
 (LC R) 0.649 110.900 1.1E-03 6.9E-01 1.8E-03 2.5E-03 5.4E-04 2.1E-03 1.1E-02 1.6E-03 6.5E-04 9.8E-05 0.0E+00 2.3E-03 0.0E+00 9.2E-04 
(LC FT) 0.540 76.650 2.4E-03 1.8E-01 1.1E-03 3.6E-03 6.4E-04 2.8E-03 1.8E-02 2.4E-03 9.9E-05 2.6E-05 0.0E+00 1.2E-03 0.0E+00 0.0E+00 
 (E R) 0.408 60.922 1.0E-03 3.4E-01 1.0E-03 1.0E-03 3.6E-04 6.5E-04 5.1E-03 2.1E-03 6.8E-04 0.0E+00 9.0E-05 2.7E-04 0.0E+00 2.2E-04 
(E FT) 0.311 46.858 1.4E-03 1.1E-01 7.1E-04 1.3E-03 3.1E-04 4.9E-04 4.9E-03 5.8E-04 1.2E-04 0.0E+00 4.6E-05 2.8E-04 0.0E+00 1.7E-03 
 
Table 4 - Standard errors (g C m
-2
) of all trophic group biomasses measured for the dry season. 
 
 
 
 
Microbes Protozoa Nematodes Microarthropods Misc.  
 
bacteria  fungi  flagellates  amoebae  ciliates 
 Bac. 
Feeder 
 Fungi 
Feeder 
 Plant 
Feeder   Omnivore   Predator 
Predatory 
Mites  
Nematophagous 
Mites  Collembola Cryptostigs 
Non-
Cryptostigs  Tards 
(UC-R) 5.9E-02 8.5E+00 1.7E-20 1.7E-17 0.0E+00 1.7E-04 1.7E-05 1.3E-04 9.4E-04 7.4E-05 9.6E-05 2.5E-05 0.0E+00 2.7E-04 0.0E+00 0.0E+00 
(UC-FT) 
5.1E-02 1.0E+01 3.3E-20 3.4E-17 0.0E+00 7.4E-04 7.7E-05 7.5E-04 4.3E-03 1.7E-04 4.9E-04 1.6E-04 4.6E-05 1.0E-03 0.0E+00 5.7E-05 
(LC-R) 
6.2E-02 1.3E+01 6.6E-20 0.0E+00 5.3E-19 4.1E-04 3.6E-05 2.3E-04 2.9E-03 4.6E-04 1.5E-04 4.2E-05 4.3E-05 5.6E-04 0.0E+00 0.0E+00 
(LC-FT) 
4.7E-02 9.6E+00 1.6E-18 1.7E-17 0.0E+00 8.3E-04 2.8E-05 3.3E-04 8.4E-03 3.2E-04 3.5E-04 8.0E-05 2.6E-05 5.4E-04 0.0E+00 2.3E-04 
(E-R) 
7.8E-02 4.5E+00 3.3E-20 4.2E-18 0.0E+00 1.5E-04 1.9E-05 6.7E-05 1.3E-03 4.0E-04 2.0E-04 4.8E-05 0.0E+00 3.0E-04 0.0E+00 0.0E+00 
(E-FT) 4.6E-02 6.1E+00 6.6E-20 0.0E+00 1.7E-20 1.7E-04 1.6E-05 5.2E-04 1.2E-03 2.5E-03 2.0E-04 3.9E-05 2.8E-05 5.6E-04 0.0E+00 4.2E-04 
 
  
1
9
0
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Table 5 - Average biomasses (g C m
-2
) of all trophic groups measured for the monsoon season. 
Sites 
Microbes Protozoa Nematodes Microarthropods Misc.  
 bacteria  fungi  flagellates  amoebae  ciliates 
 Bac. 
Feeder 
 Fungi 
Feeder 
 Plant 
Feeder 
  
Omnivore 
  
Predator 
Predatory 
Mites  
Nematophagous 
Mites  Collembola Cryptostigs 
Non-
Cryptostigs  Tards 
 (UC R) 0.865 121.768 4.6E-04 9.6E-01 6.2E-03 1.1E-03 5.9E-05 7.4E-04 6.0E-03 2.2E-04 1.9E-04 6.8E-05 0.0E+00 9.7E-04 0.0E+00 0.0E+00 
 (UC FT) 0.757 91.411 1.4E-03 5.3E-01 2.7E-03 3.6E-03 2.1E-04 2.5E-03 1.8E-02 6.7E-04 1.9E-03 4.2E-04 8.7E-05 4.8E-03 0.0E+00 7.7E-05 
 (LC R) 0.745 98.543 2.9E-03 1.2E+00 1.2E-02 2.8E-03 1.1E-04 1.0E-03 1.6E-02 1.5E-03 5.2E-04 1.6E-04 1.1E-04 2.9E-03 0.0E+00 0.0E+00 
(LC FT) 0.726 90.811 1.9E-02 2.9E-01 1.5E-03 3.2E-03 9.9E-05 1.2E-03 2.5E-02 1.6E-03 1.2E-03 2.5E-04 3.5E-05 3.0E-03 0.0E+00 5.7E-04 
 (E R) 0.630 42.944 4.4E-04 1.1E-01 2.9E-04 7.8E-04 8.2E-05 3.5E-04 5.5E-03 1.1E-03 4.6E-04 8.9E-05 0.0E+00 7.2E-04 0.0E+00 0.0E+00 
(E FT) 0.520 54.268 1.5E-03 2.8E-01 6.5E-04 8.2E-04 4.5E-05 1.2E-03 7.5E-03 3.8E-03 5.4E-04 1.1E-04 3.8E-05 1.6E-03 0.0E+00 5.7E-04 
 
 Table 6 - Standard errors (g C m
-2
) of all trophic group biomasses measured for the monsoon season. 
 
Sites Microbes Protozoa Nematodes Microarthropods Misc.  
 bacteria  fungi  flagellates  amoebae  ciliates 
 Bac. 
Feeder 
 Fungi 
Feeder 
 Plant 
Feeder   Omnivore   Predator 
Predatory 
Mites  
Nematophagous 
Mites  Collembola Cryptostigs 
Non-
Cryptostigs  Tards 
(UC-R) 
9.1E-02 1.3E+01 1.3E-19 1.7E-17 0.0E+00 1.3E-04 8.8E-05 4.2E-04 6.2E-04 1.6E-04 2.3E-04 2.7E-05 2.1E-05 3.1E-04 0.0E+00 0.0E+00 
(UC-FT) 
5.6E-02 7.7E+00 4.6E-05 5.2E-03 2.4E-05 4.8E-04 1.3E-04 2.1E-04 1.6E-03 2.2E-04 3.8E-04 1.3E-05 2.1E-05 5.1E-04 0.0E+00 5.1E-05 
(LC-R) 
5.8E-02 1.2E+01 6.6E-20 1.7E-17 6.6E-20 3.8E-04 1.2E-04 4.6E-04 1.6E-03 3.6E-04 3.7E-04 2.9E-05 0.0E+00 5.0E-04 0.0E+00 6.3E-04 
(LC-FT) 
5.5E-02 7.5E+00 6.6E-20 8.5E-18 3.3E-20 8.2E-04 1.6E-04 6.4E-04 3.4E-03 9.7E-04 6.7E-05 1.2E-05 0.0E+00 5.2E-04 0.0E+00 0.0E+00 
(E-R) 
3.1E-02 6.1E+00 6.6E-20 1.7E-17 3.3E-20 1.7E-04 5.6E-05 1.5E-04 7.5E-04 5.6E-04 4.6E-04 0.0E+00 4.2E-05 1.0E-04 0.0E+00 1.5E-04 
(E-FT) 
1.8E-02 4.1E+00 6.6E-20 0.0E+00 1.7E-20 2.4E-04 5.9E-05 9.5E-05 7.7E-04 1.9E-04 8.3E-05 0.0E+00 3.2E-05 1.9E-04 0.0E+00 9.5E-04 
1
9
1
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Upper Canyon Streamside (UC-R) 
            
 
Figure 1 - Food web depictions for dry (top) and monsoon (bottom) samping periods in UC (R) 
habitat. Arrows indicate the flow of energy and colors indicate the following red (bacteria channel); 
yellow (fungi channel); green (plant root grazing channel). The black boxes represent predators that 
link the channels together at higher trophic levels. 
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Upper Canyon First Terrace (UC-FT) 
          
 
Figure 2 - Food web depictions for dry (top) and monsoon (bottom) samping periods in UC (FT) 
habitat. Arrows indicate the flow of energy and colors indicate the following red (bacteria channel); 
yellow (fungi channel); green (plant root grazing channel). The black boxes represent predators that 
link the channels together at higher trophic levels. 
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Lower Canyon Streamside (LC-R) 
          
 
Figure 3 - Food web depictions for dry (top) and monsoon (bottom) samping periods in LC (R) 
habitat. Arrows indicate the flow of energy and colors indicate the following red (bacteria channel); 
yellow (fungi channel); green (plant root grazing channel). The black boxes represent predators that 
link the channels together at higher trophic levels. 
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Lower Canyon First Terrace (LC-FT) 
          
 
Figure 4 - Food web depictions for dry (top) and monsoon (bottom) samping periods in LC (FT) 
habitat. Arrows indicate the flow of energy and colors indicate the following red (bacteria channel); 
yellow (fungi channel); green (plant root grazing channel). The black boxes represent predators that 
link the channels together at higher trophic levels. 
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Ephemeral Channel Streamside (EC-R) 
          
 
Figure 5 -  Food web depictions for dry (top) and monsoon (bottom) samping periods in Ephem.  (R) 
habitat. Arrows indicate the flow of energy and colors indicate the following red (bacteria channel); 
yellow (fungi channel); green (plant root grazing channel). The black boxes represent predators that 
link the channels together at higher trophic levels. 
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Epehmeral Channel First Terrace (EC-FT) 
          
 
Figure 6 - Food web depictions for dry (top) and monsoon (bottom) samping periods in Epehm (FT) 
habitat.  Arrows indicate the flow of energy and colors indicate the following red (bacteria channel); 
yellow (fungi channel); green (plant root grazing channel). The black boxes represent predators that 
link the channels together at higher trophic levels. 
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Chapter 3 
Table 1 - Average biomasses (g C m
-2
) of all trophic groups measured for Sept. 2010.  
Sites 
Microbes Protozoa Nematodes Microarthropods 
 
Bacteria  Fungi 
 
Flagellates 
 
Amoebae Ciliates  Bac. Feeder  Fungi Feeder  Plant Feeder   Omnivore   Predator Pred. Mites  Nema. Phag. Mites Collem. Crypto. Uropod. 
DS - C 0.982 28.041 6.50E-04 3.17E-01 4.25E-03 1.65E-03 3.79E-04 1.23E-03 1.48E-02 3.30E-04 0.00E+00 9.36E-05 0.00E+00 1.68E-03 0.00E+00 
DS - B 0.415 39.592 1.37E-05 3.95E-02 0.00E+00 4.50E-04 4.35E-05 3.54E-04 3.18E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.99E-04 0.00E+00 
MB - C 1.067 58.679 1.40E-03 2.94E-01 6.57E-03 4.95E-03 1.19E-03 1.25E-03 6.99E-02 3.38E-03 7.89E-04 3.06E-04 0.00E+00 5.56E-03 0.00E+00 
MB - B 0.761 74.972 8.91E-05 4.11E-01 1.35E-03 1.42E-03 3.02E-04 4.42E-04 2.00E-02 6.72E-04 0.00E+00 6.52E-05 2.65E-04 5.03E-03 0.00E+00 
R - C 0.948 94.827 5.69E-03 1.57E+00 2.33E-02 5.65E-03 1.19E-03 1.60E-03 5.07E-02 1.15E-03 4.82E-04 0.00E+00 1.88E-04 1.73E-04 0.00E+00 
R - B 0.987 134.770 1.23E-03 5.01E-01 6.71E-03 3.92E-03 1.93E-03 1.06E-03 1.08E-01 2.85E-03 0.00E+00 0.00E+00 3.90E-04 8.85E-04 0.00E+00 
 
Table 2 - Standard errors (g C m
-2
) of all trophic group biomasses measured for Sept. 2010.  
 
Site  Bacteria  Fungi  Flagellates  Amoebae Ciliates  Bac. Feeder  Fungi Feeder  Plant Feeder   Omnivore   Predator Pred. Mites  Nema. Phag. Mites Collem. Crypto. Uropod. 
DS - C 7.1E-02 6.9E+00 6.6E-20 3.4E-17 0.0E+00 7.4E-04 1.6E-04 8.2E-04 4.9E-03 2.2E-04 0.0E+00 4.9E-05 0.0E+00 1.2E-03 0.0E+00 
DS - B 4.4E-02 7.3E+00 0.0E+00 1.5E-18 0.0E+00 2.2E-04 3.0E-05 2.2E-04 2.2E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.0E-04 0.0E+00 
MB - C 1.7E-01 1.1E+01 0.0E+00 0.0E+00 5.8E-19 2.1E-03 4.3E-04 4.6E-04 2.4E-02 1.3E-03 3.4E-04 1.3E-04 0.0E+00 2.1E-03 0.0E+00 
MB - B 9.0E-02 1.2E+01 0.0E+00 0.0E+00 1.4E-19 7.3E-04 1.3E-04 2.2E-04 7.6E-03 3.8E-04 0.0E+00 4.4E-05 1.9E-04 1.2E-03 0.0E+00 
R - C 1.4E-01 2.1E+01 0.0E+00 8.5E-17 1.3E-18 1.8E-03 3.4E-04 4.6E-04 1.2E-02 5.5E-04 3.3E-04 0.0E+00 1.3E-04 1.7E-04 0.0E+00 
R - B 1.2E-01 1.8E+01 9.1E-20 2.3E-17 3.6E-19 8.5E-04 8.8E-04 2.0E-04 5.5E-02 2.0E-03 0.0E+00 0.0E+00 2.2E-04 4.1E-04 0.0E+00 
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Table 3 - Average biomasses (g C m
-2
) of all trophic groups measured for June 2011.  
Sites 
Microbes Protozoa Nematodes Microarthropods 
 Bacteria  Fungi  Flagellates  Amoebae Ciliates  Bac. Feeder  Fungi Feeder  Plant Feeder   Omnivore   Predator Pred. Mites  Nema. Phag. Mites Collem. Crypto. Uropod. 
DS - C 0.719 45.813 6.04E-04 1.85E-01 3.76E-03 1.48E-03 1.82E-04 1.31E-04 1.25E-02 6.05E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
DS - B 0.669 17.845 1.48E-04 1.71E-01 0.00E+00 6.64E-04 1.03E-04 8.54E-05 8.52E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
MB - C 0.561 45.371 6.52E-04 3.13E-01 8.60E-04 2.10E-03 5.26E-04 3.13E-04 3.11E-02 8.93E-04 5.75E-04 0.00E+00 0.00E+00 9.09E-04 0.00E+00 
MB - B 0.701 43.902 6.84E-05 2.26E-01 5.90E-04 1.75E-03 2.83E-04 2.25E-04 2.04E-02 5.56E-03 0.00E+00 3.13E-05 0.00E+00 3.39E-04 0.00E+00 
R - C 0.717 89.906 3.07E-03 1.55E+00 7.04E-03 4.43E-04 6.10E-05 1.66E-05 5.55E-03 0.00E+00 0.00E+00 2.81E-05 0.00E+00 0.00E+00 0.00E+00 
R - B 0.937 62.062 2.23E-03 8.96E-01 9.57E-03 9.15E-04 1.93E-04 1.28E-04 1.19E-02 1.55E-04 0.00E+00 2.16E-04 0.00E+00 4.88E-04 0.00E+00 
 
Table 4 - Standard errors (g C m
-2
) of all trophic group biomasses measured for June 2011.  
 
 
Sites  Bacteria  Fungi  Flagellates  Amoebae Ciliates  Bac. Feeder  Fungi Feeder  Plant Feeder   Omnivore   Predator Pred. Mites  Nema. Phag. Mites Collem. Crypto. Uropod. 
DS - C 7.4E-02 6.3E+00 2.2E-20 0.0E+00 1.7E-19 4.2E-04 5.7E-05 6.8E-05 2.9E-03 4.6E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 
DS - B 7.8E-02 6.4E+00 5.9E-21 1.2E-17 0.0E+00 1.6E-04 2.6E-05 3.4E-05 1.7E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 
MB - C 8.0E-02 7.9E+00 3.6E-20 1.9E-17 0.0E+00 5.6E-04 1.6E-04 1.1E-04 9.4E-03 3.5E-04 3.0E-04 0.0E+00 0.0E+00 4.5E-04 0.0E+00 
MB - B 1.5E-01 1.2E+01 2.9E-21 1.2E-17 2.3E-20 5.3E-04 7.3E-05 8.5E-05 4.8E-03 4.7E-03 0.0E+00 3.1E-05 0.0E+00 3.4E-04 0.0E+00 
R - C 9.3E-02 1.4E+01 1.7E-19 0.0E+00 0.0E+00 1.5E-04 1.8E-05 1.1E-05 1.2E-03 0.0E+00 0.0E+00 2.8E-05 0.0E+00 0.0E+00 0.0E+00 
R - B 2.4E-01 1.7E+01 0.0E+00 0.0E+00 7.3E-19 3.2E-04 1.4E-04 9.1E-05 6.9E-03 1.6E-04 0.0E+00 1.9E-04 0.0E+00 2.5E-04 0.0E+00 
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Table 5 - Average biomasses (g C m
-2
) of all trophic groups measured for Sept. 2011.  
Sites 
Microbes Protozoa Nematodes Microarthropods 
Bacteria Fungi Flagellates Amoebae Ciliates Bac. Feeder Fungi Feeder Plant Feeder Omnivore Predator Pred. Mites Nema. Phag. Mites Collem. Crypto. Uropod. 
DS - C 0.413 60.041 6.50E-04 3.17E-01 4.25E-03 3.61E-03 7.29E-04 5.91E-03 3.98E-02 1.10E-03 4.67E-04 3.08E-05 0.00E+00 9.77E-04 0.00E+00 
DS - B 0.232 30.359 1.37E-05 3.95E-02 0.00E+00 9.90E-04 1.66E-04 1.57E-04 8.87E-03 0.00E+00 5.03E-04 6.67E-05 9.19E-05 7.08E-04 0.00E+00 
MB - C 0.990 60.275 1.40E-03 2.94E-01 6.57E-03 9.27E-03 1.88E-03 2.66E-03 6.51E-02 2.65E-04 0.00E+00 2.94E-04 0.00E+00 4.56E-03 0.00E+00 
MB - B 0.700 54.002 8.91E-05 4.11E-01 1.35E-03 2.43E-03 6.40E-04 5.84E-04 3.75E-02 1.01E-03 0.00E+00 6.59E-05 0.00E+00 1.75E-03 0.00E+00 
R - C 0.824 89.948 5.69E-03 1.57E+00 2.33E-02 2.46E-03 4.95E-04 1.23E-03 2.96E-02 4.49E-04 2.34E-04 0.00E+00 0.00E+00 7.70E-04 0.00E+00 
R - B 0.828 95.771 1.23E-03 5.01E-01 6.71E-03 6.34E-03 1.84E-03 2.15E-03 1.01E-01 4.99E-04 0.00E+00 3.27E-05 0.00E+00 5.19E-04 0.00E+00 
 
Table 6 - Standard errors (g C m
-2
) of all trophic group biomasses measured for Sept. 2011.  
 
Site Bacteria Fungi Flagellates Amoebae Ciliates 
Bac. 
Feeder 
Fungi 
Feeder 
Plant 
Feeder Omnivore Predator Pred. Mites Nema. Phag. Mites Collem. Crypto. Uropod. 
DS - C 
3.3E-02 8.8E+00 6.6E-20 3.4E-17 0.0E+00 1.0E-03 1.9E-04 4.9E-03 8.1E-03 4.3E-04 3.2E-04 3.1E-05 0.0E+00 4.5E-04 0.0E+00 
DS - B 2.1E-02 7.2E+00 0.0E+00 1.5E-18 0.0E+00 3.9E-04 5.8E-05 5.9E-05 2.7E-03 0.0E+00 5.0E-04 4.5E-05 9.2E-05 4.0E-04 0.0E+00 
MB - C 8.8E-02 1.3E+01 0.0E+00 0.0E+00 5.8E-19 3.6E-03 9.3E-04 9.9E-04 2.0E-02 1.8E-04 0.0E+00 1.7E-04 0.0E+00 1.3E-03 0.0E+00 
MB - B 1.2E-01 1.7E+01 2.6E-04 5.2E-03 1.1E-03 3.4E-03 4.3E-04 7.1E-04 2.0E-02 7.2E-04 0.0E+00 2.1E-04 0.0E+00 1.5E-03 0.0E+00 
R - C 4.9E-02 9.2E+00 0.0E+00 0.0E+00 1.3E-19 8.6E-04 2.7E-04 2.3E-04 1.6E-02 6.5E-04 0.0E+00 4.0E-05 0.0E+00 1.1E-03 0.0E+00 
R - B 1.2E-01 9.6E+00 5.1E-04 1.1E-01 2.0E-03 3.7E-03 1.2E-03 1.2E-03 2.5E-02 1.7E-04 0.0E+00 1.0E-04 0.0E+00 1.7E-03 0.0E+00 
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Figure 1 - Nutrient dynamics over the growing season, for each position and habitat, 
for NH4
+
, NO3
-
, and PO3
-
.   
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Desert Scrub Canopy (DSC) 
          
 
Figure 2 - Food web depictions for three samping periods in Desert Scrub - Canopy 
(DSC). Arrows indicate the flow of energy and colors indicate the following red 
(bacteria channel); yellow (fungi channel); green (plant root grazing channel). The 
black boxes represent predators that link the channels together at higher trophic 
levels.  
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Desert Scrub Bare  (DSB) 
         
 
Figure 3 - Food web depictions for three samping periods in Desert Scrub - Bare 
(DSB). Arrows indicate the flow of energy and colors indicate the following red 
(bacteria channel); yellow (fungi channel); green (plant root grazing channel). The 
black boxes represent predators that link the channels together at higher trophic 
levels.  
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Mesquite Bosque Canopy (MBC) 
          
 
Figure 4 - Food web depictions for three samping periods in Mesquite Bosque - 
Canopy (MBC). Arrows indicate the flow of energy and colors indicate the following 
red (bacteria channel); yellow (fungi channel); green (plant root grazing channel). 
The black boxes represent predators that link the channels together at higher 
trophic levels.  
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Mesquite Bosque Bare (MBB) 
 
 
Figure 5 - Food web depictions for three samping periods in Mesquite Bosque - Bare 
(MBB). Arrows indicate the flow of energy and colors indicate the following red 
(bacteria channel); yellow (fungi channel); green (plant root grazing channel). The 
black boxes represent predators that link the channels together at higher trophic 
levels.  
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Riparian Canopy (RC) 
      
 
Figure 6 - Food web depictions for three samping periods in Riparian Forest - 
Canopy (RC). Arrows indicate the flow of energy and colors indicate the following 
red (bacteria channel); yellow (fungi channel); green (plant root grazing channel). 
The black boxes represent predators that link the channels together at higher 
trophic levels.  
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Riparian Bare (RB)  
           
 
Figure 7 - Food web depictions for three samping periods in Riparian Forest - Bare 
(RB). Arrows indicate the flow of energy and colors indicate the following red 
(bacteria channel); yellow (fungi channel); green (plant root grazing channel). The 
black boxes represent predators that link the channels together at higher trophic 
levels.  
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Table 7 - Results from NLME analysis in R.  Shaded boxes indicate a statistically 
significant different with listed p value. 
Variable  
 
 
 
 
Soil Organic Matter 
 DF F Value Pr>F 
Position 67 8.24 0.005 
Habitat 67 1.90 0.172 
Season 140 1.52 0.221 
Plot 67 5.79 0.018 
Position x Habitat 67 0.003 0.939 
Position x Season 140 0.543 0.462 
Habitat x Season 140 0.046 0.830 
Position x  Habitat x Season 140 1.59 0.208 
 
 
 
 
Soil Moisture 
 DF F Value Pr>F 
Position 67 0.882 0.351 
Habitat 67 10.12 0.002 
Season 140 0.01 0.913 
Plot 67 2.80 0.098 
Position x Habitat 67 0.04 0.838 
Position x Season 140 0.001 0.966 
Habitat x Season 140 3.67 0.057 
Position x  Habitat x Season 140 0.05 0.810 
 
 
 
 
Trophic Richness 
 DF F Value Pr>F 
Position 67 27.95 <0.0001 
Habitat 67 28.10 <0.0001 
Season 140 4.32 0.039 
Plot 67 2.89 0.093 
Position x  Habitat 67 33.35 <0.0001 
Position x Season 140 3.69 0.056 
Habitat x Season 140 32.70 <0.0001 
Position x  Habitat x Season 140 2.49 0.116 
 
 
 
 
Total Biomass 
 DF F Value Pr>F 
Position 67 5.72 0.019 
Habitat 67 29.09 <0.0001 
Season 140 0.008 0.931 
Plot 67 4.37 0.040 
Position x  Habitat 67 4.41 0.039 
Position x Season 140 4.62 0.033 
Habitat x Season 140 2.38 0.125 
Position x  Habitat x Season 140 1.72 0.191 
 
 
 
 
Link Density 
 DF F Value Pr>F 
Position 67 32.86 <0.0001 
Habitat 67 26.50 <0.0001 
Season 140 0.802 0.372 
Plot 67 0.271 0.604 
Position x  Habitat 67 24.733 <0.0001 
Position x Season 140 4.01 0.047 
Habitat x Season 140 21.21 <0.0001 
Position x  Habitat x Season 140 0.127 0.722 
 
 
 
 
Total Nematode Biomass 
 DF F Value Pr>F 
Position 67 0.232 0.631 
Habitat 67 7.46 0.008 
Season 140 0.289 0.591 
Plot 67 1.61 0.208 
Position x  Habitat 67 5.55 0.021 
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Position x Season 140 0.138 0.710 
Habitat x Season 140 1.96 0.136 
Position x  Habitat x Season 140 1.42 0.234 
 
 
 
 
Total Secondary Biomass 
 DF F Value Pr>F 
Position 67 67.12 <0.0001 
Habitat 67 386.52 <0.0001 
Season 140 0.161 0.688 
Plot 67 0.239 0.625 
Position x  Habitat 67 10.30 0.002 
Position x Season 140 0.001 0.971 
Habitat x Season 140 0.400 0.527 
Position x  Habitat x Season 140 0.149 0.699 
 
 
 
 
Trophic Position 
 DF F Value Pr>F 
Position 67 45.74 <0.0001 
Habitat 67 42.56 <0.0001 
Season 140 5.31 0.027 
Plot 67 0.10 0.753 
Position x  Habitat 67 35.6 <0.0001 
Position x Season 140 8.5 0.004 
Habitat x Season 140 23.43 <0.0001 
Position x  Habitat x Season 140 1.14 0.287 
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Figure 8 -  SOM vs. SM by habitat type and season.  
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Chapter 4 
Table 1a  -  Average biomasses (g C m
-2
) of all trophic groups measured for the dry season. 
Sites - Dry 
Microbes Protozoa Nematodes  Microarthropods 
bacteria  fungi  flagellates   amoebae  ciliates  
Bac. 
Feeder  
Fungi 
Feeder 
Plant 
Feeder  Omnivore  
 
Predator  
Predatory 
Mites  
Nematophagous 
Mites  Collembola  Cryptostigs  
Non-
Cryptostigs  
Low Topography 0.419 55.109 1.28E-03 8.09E-01 9.95E-03 1.44E-03 1.56E-04 6.18E-04 1.05E-02 2.12E-04 1.08E-04 1.38E-04 3.81E-05 7.98E-04 0.00E+00 
High Topography 0.541 42.791 3.87E-03 9.03E-01 6.86E-03 2.42E-03 5.78E-05 6.42E-04 1.53E-02 6.03E-04 2.84E-04 7.17E-05 3.53E-05 5.13E-04 0.00E+00 
 
Table 1b - Standard errors (g C m
-2
) of all trophic group biomasses measured for the dry season. 
Sites - Dry 
Microbes Protozoa Nematodes Microarthropods 
bacteria  fungi  flagellates  
 
amoebae  ciliates  
Bac. 
Feeder  
Fungi 
Feeder 
Plant 
Feeder  Omnivore  
 
Predator  
Predatory 
Mites  
Nematophagous 
Mites  Collembola  Cryptostigs  
Non-
Cryptostigs  
Low Topography 0.039 6.183 1.01E-19 0.00E+00 4.03E-19 3.82E-04 5.71E-05 2.13E-04 2.71E-03 1.17E-04 1.08E-04 5.55E-05 3.81E-05 2.57E-04 0.00E+00 
High Topography 0.069 6.215 2.77E-19 9.47E-17 5.55E-19 1.06E-03 2.23E-05 2.66E-04 5.54E-03 3.84E-04 2.08E-04 4.26E-05 3.53E-05 2.54E-04 0.00E+00 
 
Table 1c - Average biomasses (g C m
-2
) of all trophic groups measured for the monsoon season. 
Sites - monsoon 
Microbes Protozoa Nematodes Microarthropods 
bacteria  fungi  flagellates   amoebae  ciliates  
Bac. 
Feeder  
Fungi 
Feeder 
Plant 
Feeder  Omnivore  
 
Predator  
Predatory 
Mites  
Nematophagous 
Mites  Collembola  Cryptostigs  
Non-
Cryptostigs  
Low Topography 0.498 32.801 1.47E-03 2.01E-01 4.52E-03 9.63E-04 1.91E-04 5.67E-04 9.44E-03 1.73E-04 8.04E-04 3.61E-05 0.00E+00 6.53E-04 0.00E+00 
High Topography 0.526 35.390 7.30E-04 3.87E-01 1.40E-03 8.80E-04 1.56E-04 4.28E-04 4.79E-03 2.14E-04 1.19E-03 4.08E-05 1.57E-04 5.43E-04 0.00E+00 
 
Table 1d - Standard errors (g C m
-2
) of all trophic group biomasses measured for the monsoon season. 
   Sites - monsoon  
Microbes Protozoa Nematodes Microarthropods 
bacteria  fungi  flagellates   amoebae  ciliates  
Bac. 
Feeder  
Fungi 
Feeder 
Plant 
Feeder  Omnivore  
 
Predator  
Predatory 
Mites  
Nematophagous 
Mites  Collembola  Cryptostigs  
Non-
Cryptostigs  
Low Topography 0.042 5.195 1.58E-19 2.03E-17 2.11E-19 2.80E-04 1.00E-04 2.41E-04 3.96E-03 1.20E-04 4.00E-04 2.49E-05 0.00E+00 3.17E-04 0.00E+00 
High Topography 0.051 6.460 4.84E-20 1.24E-17 0.00E+00 2.95E-04 5.66E-05 1.18E-04 1.73E-03 1.55E-04 6.10E-04 2.24E-05 9.29E-05 3.06E-04 0.00E+00 
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Figure 1 - Food web depictions for dry (top) and monsoon (bottom) samping periods in the low 
microtopography habitat.  Arrows indicate the flow of energy and colors indicate the following red 
(bacteria channel); yellow (fungi channel); green (plant root grazing channel). The black boxes 
represent predators that link the channels together at higher trophic levels.  
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Figure 2 - Food web depictions for dry (top) and monsoon (bottom) samping periods in the high 
microtopography  habitat.  Arrows indicate the flow of energy and colors indicate the following red 
(bacteria channel); yellow (fungi channel); green (plant root grazing channel). The black boxes 
represent predators that link the channels together at higher trophic levels. 
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Chapter 5 
 
 
 
 
Figure 1 - Dry and monsoon season descriptive soil food web for the mesic lawn site. 
Green squares indicate energy flow (indicated by arrows) from the live root 
subsystem; yellow squares indicate energy flow from the fungal subsystem; red 
squares indicate flow from the bacteria subsystem; and black squares indicate flow 
of energy into predator groups that link the previous subsystems.  
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Figure 2 - Dry and monsoon season descriptive soil food web for the xeriscape site. 
Green squares indicate energy flow (indicated by arrows) from the live root 
subsystem; yellow squares indicate energy flow from the fungal subsystem; red 
squares indicate flow from the bacteria subsystem; and black squares indicate flow 
of energy into predator groups that link the previous subsystems. 
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Figure 3 - Dry and monsoon season descriptive soil food web for the native desert 
site. Green squares indicate energy flow (indicated by arrows) from the live root 
subsystem; yellow squares indicate energy flow from the fungal subsystem; red 
squares indicate flow from the bacteria subsystem; and black squares indicate flow 
of energy into predator groups that link the previous subsystems. 
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Figure 4 - Dry and monsoon season descriptive soil food web for the native desert + 
site.  Green squares indicate energy flow (indicated by arrows) from the live root 
subsystem; yellow squares indicate energy flow from the fungal subsystem; red 
squares indicate flow from the bacteria subsystem; and black squares indicate flow 
of energy into predator groups that link the previous subsystem
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Table 1a- Biomass of all trophic groups measured.  
 
 
Dry 
Microbes Protozoa Nematodes Microarthropods 
Bacteria Fungi Flag. Amoe. Ciliates 
Bac. 
Feeder 
Fungi 
Feeder 
Plant 
Feeder Omnivore Predator 
Pred. 
Mites Nema. Mites Collem. Crypto. Uropod. 
Mesic 
1.914 56.700 3.131E-03 8.076E-01 1.270E-03 4.344E-03 2.636E-03 3.122E-02 1.390E-02 4.299E-04 6.467E-03 5.734E-05 0.000E+00 1.385E-02 4.059E-03 
Xeric 
0.328 9.257 1.444E-05 1.043E-01 0.000E+00 1.117E-04 1.869E-05 0.000E+00 1.505E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 3.639E-04 2.623E-04 
Desert 
0.315 9.336 1.077E-05 4.886E-02 4.533E-04 6.500E-04 1.240E-04 9.611E-06 4.253E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
Desert + 0.274 5.864 1.353E-04 1.450E-01 0.000E+00 5.256E-04 1.202E-04 2.461E-05 1.231E-04 0.000E+00 0.000E+00 2.803E-05 0.000E+00 1.480E-04 0.000E+00 
monsoon 
Bacteria Fungi Flag. Amoe. Ciliates 
Bac. 
Feeder 
Fungi 
Feeder 
Plant 
Feeder Omnivore Predator 
Pred. 
Mites Nema. Mites Collem. Crypto. Uropod. 
Mesic 
2.024 137.657 3.482E-03 5.597E-01 4.500E-03 3.050E-03 2.053E-03 2.296E-02 4.023E-03 3.084E-03 2.344E-02 2.023E-04 2.990E-04 2.968E-02 3.989E-03 
Xeric 
0.620 18.256 9.416E-07 1.733E-02 0.000E+00 5.007E-05 1.877E-05 0.000E+00 1.536E-04 0.000E+00 2.849E-04 0.000E+00 0.000E+00 0.000E+00 2.709E-04 
Desert 
0.501 32.258 1.384E-05 1.503E-01 0.000E+00 6.240E-04 1.930E-04 6.672E-05 5.728E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.711E-04 0.000E+00 
Desert + 0.529 33.162 7.728E-04 2.388E-01 0.000E+00 1.723E-03 8.928E-05 1.636E-05 3.661E-04 1.414E-04 0.000E+00 0.000E+00 0.000E+00 2.953E-04 0.000E+00 
Table 1b - Standard errors of all trophic groups measured.  
 
 
Dry 
Microbes Protozoa Nematodes Microarthropods 
Bacteria Fungi Flag. Amoe. Ciliates 
Bac. 
Feeder 
Fungi 
Feeder 
Plant 
Feeder Omnivore Predator 
Pred. 
Mites Nema. Mites Collem. Crypto. Uropod. 
Mesic 
0.246 14.750 0.000E+00 0.000E+00 0.000E+00 1.034E-03 7.392E-04 9.224E-03 3.428E-03 3.085E-04 2.255E-03 3.871E-05 0.000E+00 2.983E-03 1.279E-03 
Xeric 
0.046 4.367 0.000E+00 0.000E+00 0.000E+00 6.877E-05 1.869E-05 0.000E+00 1.505E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 2.454E-04 2.623E-04 
Desert 
0.035 4.125 0.000E+00 0.000E+00 3.594E-20 1.727E-04 6.137E-05 9.611E-06 3.040E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
Desert + 
0.056 1.838 0.000E+00 0.000E+00 0.000E+00 1.540E-04 7.799E-05 1.766E-05 1.231E-04 0.000E+00 0.000E+00 2.803E-05 0.000E+00 1.480E-04 0.000E+00 
monsoon 
Bacteria Fungi Flag. Amoe. Ciliates 
Bac. 
Feeder 
Fungi 
Feeder 
Plant 
Feeder Omnivore Predator 
Pred. 
Mites Nema. Mites Collem. Crypto. Uropod. 
Mesic 
0.182 13.185 0.000E+00 0.000E+00 0.000E+00 7.212E-04 3.538E-04 4.041E-03 1.266E-03 1.398E-03 8.420E-03 1.002E-04 1.276E-04 7.405E-03 1.438E-03 
Xeric 
0.119 4.956 0.000E+00 0.000E+00 0.000E+00 2.835E-05 1.877E-05 0.000E+00 1.536E-04 0.000E+00 2.849E-04 0.000E+00 0.000E+00 0.000E+00 2.709E-04 
Desert 
0.071 5.413 0.000E+00 0.000E+00 0.000E+00 3.097E-04 9.437E-05 3.816E-05 3.216E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.711E-04 0.000E+00 
Desert + 
0.082 12.393 0.000E+00 0.000E+00 0.000E+00 1.569E-03 7.451E-05 1.103E-05 2.624E-04 1.414E-04 0.000E+00 0.000E+00 0.000E+00 1.991E-04 0.000E+00 
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